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Abstract

The expansion of woody species into grasslands has altered community structure and
ecosystem function of grasslands worldwide. Woody encroachment has led to a loss of floristic
biodiversity and changes in ecosystem carbon, nitrogen, and water relations. In tallgrass prairie,
the increased cover and abundance of woody species is typically attributed to human activities
such as decreased fire frequency and increased grazing intensity. Clonal shrubs are of particular
concern because of their ability to spread via vegetative reproduction and resprout after fire. The
demographic mechanisms that underlie shrub responses to climate history and disturbance are
unknown. Here, |1 measured ramet demography and leaf physiology of the clonal shrub Cornus
drummondii in response to disturbance at the Konza Prairie Biological Station. | quantified the
growth rate, reproduction, and ramet demography of C. drummondii in response to fire
frequency, grazing, and simulated browsing. Fire and grazing increased C. drummondii ramet
growth rates, but rates were low across all treatments in response to extreme drought during the
summer in 2018. Browsing did not alter ramet growth rates, but it nearly eliminated sexual
reproduction. Vegetative reproduction did not differ between treatments. These results highlight
the population-level mechanisms of woody expansion in response to disturbance and emphasize
the need for multiple pressures to control the spread of clonal shrubs into grasslands.
Additionally, I investigated the effects of fire on leaf physiology. | compared gas exchange rates,
water use efficiency, and leaf structure of C. drummondii shrubs immediately following burning
to shrubs 1-year post-fire. Despite a severe drought in the year of this study, resprouting shrubs
had higher photosynthetic rates, stomatal conductance, and transpiration rates. Additionally,
burned shrubs had morphological differences with reduced leaf mass per area and decreased leaf

dry matter content. These results suggest C. drummondii modifies leaf structure and physiology



in response to fire to maximize carbon gain and accelerate growth after fire. Taken together,
these studies identify demographic and physiological mechanisms in response to multiple

disturbances that contribute to the increased cover of C. drummondii in tallgrass prairie.
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Chapter 1 - Introduction

Grasslands comprise as much as 40% of Earth’s terrestrial surface (Chapin et al. 2001,
Dixon et al. 2014) and are present on every continent except Antarctica. Grass-dominated
ecosystems include African savannas, Eurasian steppes, South American pampas, and North
American prairies. Historically, grasslands were maintained by interactions of fire, herbivory,
and climate. The high inter- and intra-annual climate variability and frequent disturbances
characteristic of grasslands created a highly responsive, productive, and diverse system.
Grasslands provide a number of ecosystem services including livestock and crop production,
biodiversity conservation, carbon storage, and water cycling.

Human activity has altered the drivers maintaining grasslands at the global scale (e.g.
increased atmospheric CO2 and N deposition) and regional scale (altered precipitation regimes).
At the local and regional levels, changes in fire, grazing, and browsing frequency and intensity,
and changes in land cover (e.g. urbanization and cultivation and conversion to crop agriculture)
have also greatly altered natural grassland ecosystems. One major consequence of these altered
drivers is increased cover and spread of woody species into grasslands and savannas worldwide,
a process known as woody encroachment (Briggs et al. 2005; Van Auken 2009; Eldridge et al
2011; Myers-Smith et al. 2011; Devine et al. 2017; Archer et al. 2017; Stevens et al. 2017).

Woody encroachment has been shown to decrease grassland biodiversity and herbaceous
productivity (Briggs et al. 2002; Lett & Knapp 2005; Ratajczak et al. 2012), shift ecosystem C
and N storage (Hughes et al 2006; Knapp et al. 2008; McKinley & Blair 2008; Barger et al.
2011), alter ecosystem water cycling (Huxman et al. 2005; Logan & Brunsell 2015) and decrease
forage for livestock (Anaddn et al. 2014). The drivers, rates, and effects of woody encroachment

vary by climate (e.g. arid to mesic, temperate to tropical), management techniques, and the



characteristics of the expanding woody species (Devine et al. 2017; Maestre et al 2016;
Bestelmeyer et al. 2018). For example, woody encroachment in arid sites is often attributed to
overgrazing leading to reduced ground cover of grasses and increased shrub seed dispersal (Van
Auken 2009), while woody encroachment in mesic sites is primarily attributed to reduced fire
frequency (Briggs et al. 2005). Increased atmospheric [CO2] may play a larger role in woody
encroachment in temperate grasslands where Cs plants are relatively more abundant. Importantly,
drivers in all systems have complex interactions to determine rates of woody encroachment.

In fire prone systems, resprouting woody species (referred to as resprouters) are highly
persistent across the landscape and contribute to the loss of grasslands. Resprouters have
extensive root systems, rhizomes or other perennating organs, with high carbohydrate and
nutrient storage, and a reserve population of belowground buds allowing them to resprout after
disturbance. Shrubs resprouting after fire tend to regenerate aggressively with increased stem
densities compared to unburned shrubs (Heisler et al. 2004; Heisler et al. 2007). Although fire
may result in complete top-kill of shrubs, the negative effects of fire may be short-lived when
shrubs are given enough time to recover.

In addition to fire, herbivory shapes grasslands by influencing community composition
and plant architecture. Grazers increase floristic biodiversity by decreasing grass cover and
releasing forbs from competition (Collins 1987; Hartnett et al. 1996; Knapp et al. 1999).
Overgrazing can result in a major decrease in grass cover while influencing fire behavior by
reducing fuel loads (Knapp et al. 1999) and allowing the survival of woody species after fire
(Briggs et al. 2002; Van Auken 2009). Browsers are herbivores that feed on woody plants.

Browsing controls woody populations (Midgley et al. 2010) and alters woody architecture



(Archibald & Bond 2003). A reduction in the abundance of browsers likely contributes to an
increase in woody cover.

This thesis focused on woody encroachment in the tallgrass prairie of the Flint Hills in
eastern Kansas. The North American tallgrass prairie is a highly fragmented and endangered
ecosystem due to destruction by agriculture and crop production. The Flint Hills are the largest
remaining tract of tallgrass prairie. This region only experienced mild cultivation due to the
rocky terrain and steep slopes. Much of this region is now used for cattle grazing. The cattle
industry is the most profitable agricultural sector in Kansas generating $8.2 billion in 2017
(Kansas Department of Agriculture). Further loss of the tallgrass prairie is an ecological and
economic threat in this region.

Rates of woody encroachment in the Flint Hills are reported as 1.4-2.7% increase in
cover per year (Ratajczak et al. 2014) with 56% of the Flint Hills susceptible to conversion to
woodland or shrubland due to infrequent fire (Ratajczak et al. 2016). Encroachment in this
system typically manifests as nonlinear state transitions driven by fire frequency. Tallgrass
prairie is susceptible to a shift to woodland or shrubland when burned less than every 3 years.
The expansion of the deep rooted, clonal shrub Cornus drummondii (rough-leaf dogwood) is a
major contributor to loss of the remaining mesic tallgrass prairie (Briggs et al. 2005; Ratajczak et
al. 2011).

C. drummondii shrubs reproduce both sexually and vegetatively. Shrubs usually produce
flowers in June and set fruit in July (Great Plains Flora Associations 1986). Vegetative
reproduction occurs via rhizomes to produce new stems from belowground buds and results in
the formation of discrete shrub “islands” (genet) made up of genetically identical stems (ramets).

Clonal growth aids in mitigating competition (Hartnett & Bazzaz 1985), circumventing the



challenges of seedling establishment (Hartnett & Bazzaz 1983), increasing invasibility (Song et
al. 2013; You et al. 2014; Liu et al. 2016), and prolonging successful genotypes. Additionally,
clonal growth increases success of the genet by increasing resource acquisition and transfer of
resources among ramets providing an environmental buffer (Liu et al. 2016). Ramets in the
center of C. drummondii shrubs have deep root systems with access to deep soil water, which can
be transferred to juvenile ramets with less developed root systems (Ratajczak et al. 2011). Once
established, C. drummondii islands alter fire behavior by limiting herbaceous understory growth
reducing fine fuel loads (Lett & Knapp 2003). Thus, fire cannot carry through established clones
and the shrub survives (Ratajczak et al. 2011). This altered fire behavior creates a positive
feedback for shrubs to develop new ramets and expand (Ratajczak et al. 2014).

The objectives of this thesis were to understand the effects of fire, browsing, and grazing
on C. drummondii demography and the effects of fire on C. drummondii leaf physiology. The
year this research was conducted was one of the driest years on record for the Konza Prairie and
the tallgrass prairie region and drought became a large focus of the results. In Chapter 2, 1
explore the effects of fire, browsing, and grazing on C. drummondii ramet dynamics. It is
essential to understand how shrub population dynamics and morphological plasticity respond to
fire, browsing, and grazing to better predict land-cover changes and the consequences of woody
cover for ecosystem function. In Chapter 3, | explore changes in leaf level physiology and leaf
morphology of C. drummondii shrubs after fire and 1-year post-fire. Clonal shrub physiological
responses to fire are important in understanding resource acquisition and use after disturbance.
Taken together, these studies identify demographic and physiological mechanisms in response to

multiple disturbances that contribute to the increased cover of C. drummondii in tallgrass prairie.
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Chapter 2 - Demography of Cornus drummondii in response to fire,
browsing, and grazing in tallgrass prairie

Introduction

The increased cover and abundance of woody species in grasslands, referred to as woody
encroachment, has altered ecosystem structure and function in grasslands worldwide (Roques et
al. 2001; Briggs et al. 2005; Van Auken 2009; Stevens et al. 2017). Woody encroachment has
resulted in decreased floristic diversity and graminoid productivity (Lett & Knapp 2005; Heisler
et al. 2004; Ratajczak et al. 2012), increased aboveground biomass (Hughes et al. 2006; Knapp et
al. 2008), changes in nutrient dynamics (Hughes et al. 2006; Knapp et al. 2008; Barger et al.
2011; Ward 2018), and decreased forage for livestock (Anaddn et al. 2014). These alterations
typically manifest as nonlinear state transitions in response to shifts in a number of drivers at the
global, regional, and local level. These drivers may include increased atmospheric CO2 and N
deposition (global), altered precipitation patterns (regional), and changes in land use
management (local) such as fire suppression and increased grazing intensity (Van Auken et al.
2009; D’Odorico et al. 2012; Ratajczak et al. 2014a; Devine et al. 2017).

Grasslands are maintained by interactions among fire, herbivory, and climate. In mesic
grasslands and savannas, which receive enough precipitation to support woody species, woody
cover is limited by fire and browsing. Frequent fire and browsing create demographic
bottlenecks preventing the establishment of trees and their transition into the adult size class,
referred to as the fire and browse trap (Higgins 2000; Sankaran et al. 2004; Briggs et al. 2005;
Staver et al. 2009; Midgley et al. 2010, Ratajzak et al. 2011).

The effects of fire and browsing vary depending on the woody species growth form, life

stage, and ability to resprout from belowground organs. Resprouters are more resistant to fire and



browsing than non-resprouters and are more likely to survive after disturbance due to established
root systems, belowground perennating storage organs, and bud banks, facilitating regrowth after
top-kill (Clarke et al. 2013; Dietze et al. 2014). Resprouting woody species persist on the
landscape in the presence of fire and browsing and contribute to encroachment in arid and mesic
systems.

The effects of disturbance on woody resprouter growth and demographics have been
studied primarily in African savannas. Woody resprouters in these systems are adapted to fire
and tend to have increased growth rates after fire as they recover. Growth rates decrease with
time since fire as resources become more limited (Midgley et al. 2010). Conversely, browsing
can reduce plant height and vertical growth due to removal of leaves and depletion of root
reserves reducing resources available for growth (Midgley et al. 2010). Browsing may also
induce compensatory growth, increasing investment in shoot growth to compensate for lost
tissue (McNaughton 1981; du Toit et al. 1990).

The impacts of fire and browsing are largest in combination and prolong the time spent in
the fire and browse trap (Staver et al. 2009; Midgley & Bond 2001; LaMalfa et al. 2019). Fire
and browsing may also reduce seed production (Young & Augustine 2007; Goheen et al. 2007;
da Silveira Pontes et al. 2016). The sapling stage is the most vulnerable, and once woody plants
have out-grown the traps (reached a threshold minimum height and diameter that can survive
surface fires) they are more resistant to the effects of fire and browsing.

Although studies in other systems provide good insight into woody plant response to
disturbance, we lack an understanding of the effects of fire and browsing on woody species in
the tallgrass prairie (TGP) of the Central Great Plains (CGP) in the United States. The TGP

system has been identified as a tri-stable system, meaning three states (grasslands, shrubland, and
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woodland) can coexist in the same system based on historic drivers. These states are largely
determined by fire frequency and intensity (Ratajczak et al. 2014a). This hypothesis argues fire
frequency of 1-3 years is required to maintain a grassland state and longer fire free intervals will
promote the transition to a shrubland or closed canopy woodland. Suppression of fire for just 4
years allows establishment and growth of clonal shrubs, which can grow to a size resistant to fire
(Figure 2.1).

Expansion of clonal shrubs into the tallgrass prairie is primarily due to increased cover
due to lateral rhizomatous spread (Ratajczak et al. 2014b). Post-burn resprouting shrubs tend to
have higher stem densities and increased growth rates than unburned shrubs (Heisler et al. 2004;
Heisler et al. 2007). Although fire may result in complete top-Kkill of shrubs, the negative effects
of fire may be short-lived if shrubs are given enough time to recover. The pressure of browsing
on woody shrubs has been greatly reduced in the CGP since European settlement due to the
decline in the diversity and abundance of large browsers (Conard et al. 2006) and the effects of
browsing on encroaching shrubs are unknown. Thus, studying the ramet dynamics of these
shrubs in response to disturbance is important for understanding woody encroachment because a
major increase in shrub cover in this system is due to new ramet production of existing shrubs.

In addition to fire and browsing, grazing by large mammals has a large influence on
grasslands of the CGP and other regions. Bison and cattle are the primary grazers in the Flint
Hills of eastern Kansas in the CGP. Grazing by bison and cattle is typically associated with
increased forb and shrub establishment due to suppression of dominant C4 grasses and reduced
fuel loads (Collins 1987; Hartnett et al. 1996; Briggs et al. 2002a; Zahner 2015). Ratajczak et al.
(2014b) found annually burned grazed areas to have higher shrub establishment than annually

burned ungrazed areas. However, unburned grazed sites had lower expansion rates than ungrazed
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areas potentially due to decreased soil moisture or damage to shrubs by large grazers. Fire and
grazing often have strong interactive effects on the plant community and their impacts on woody
clonal dynamics are not well understood (Knapp et al. 1998).

The goals of my study were to assess fire, browsing, and grazing on the growth,
reproduction, and ramet densities of a key encroaching clonal shrub species, Cornus
drummondii. C. drummondii is the dominant encroaching woody species in tallgrass prairie. C.
drummondii shrubs reproduce both sexually and vegetatively. Shrubs usually produce flowers in
June and set fruit in July (Great Plains Flora Association 1986). C. drummondii reproduces
vegetatively via rhizomes and produce new stems from belowground buds resulting in the
formation of discrete shrub “islands” (genet) made up of genetically identical stems (ramets).
Ramets grow between 2-6 m tall and ramet densities tend to increase with disturbance (Heisler et
al. 2004). In this study, I compared ramet growth, reproduction, demography, and density within
C. drummondii genets in response to fire, browsing, and grazing. Ramets in burned and unburned
areas were subjected to simulated browsing to understand the impacts of fire and browsing and
their interaction on ramet demography. Additionally, I compared ramet demography of shrubs in
grazed and frequently burned areas to unburned, ungrazed control shrubs to understand the
effects of a typical eastern Kansas management regime of grazing and biennial burns on ramet
demographics.

| predicted fire to increase ramet densities and relative growth rates as genets allocate
more growth to stem production and light capture after disturbance. I also expected fire to
decrease flower production due to a trade off in resource allocation to aboveground growth over
reproduction. Browsing may induce compensatory growth either through increased ramet growth

or increased ramet densities. | predicted browsing would reduce ramet relative growth rates and
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flower production because of the consistent removal of tissue and depleted belowground reserves
from repeatedly investing in aboveground growth. Additionally, | expected browsing to increase
ramet mortality due to the repeated removal of tissues, resulting in death of young ramets.
Shrubs in grazed areas may have increased ramet relative growth rates by suppressing grass
biomass resulting in decreased shrub-grass competition and increasing resource capture for
shrubs. Additionally, | predicted shrubs in grazed areas to have higher ramet natality and stem

densities due to reduced grass cover.

Methods

Study site

Data were collected at Konza Prairie Biological Station (KPBS; 39°05° N, 96°35° W)
located 15 km south of Kansas State University in Manhattan, KS. The Konza Prairie is a 3,487-
hectare native tallgrass prairie characterized by uplands with shallow limestone soils and
lowlands with deep silty-clay loams separated by rocky hillslopes. The elevation varies from
320-444 m above sea level. The site is divided into 57 watersheds, each assigned to a specific
annual spring fire frequency (1, 2, 4, or 20-year intervals) and grazing treatment (bison, cattle, or
no large mammalian grazers). Mean annual precipitation (1982-2018) is 835 mm, with
approximately 73% of annual precipitation falling during the growing season (April-September).
Temperature means (1982-2018) range from a low of -1.2°C in January to a high of 26.1°C in
July. C4 warm-season grasses (Andropogon gerardii, Panicum virgatum, Sorghastrum nutans,
and, Schyzachyrium scoparium) dominate the plant cover and annual productivity in portions of

the site that are frequently burned. Areas subject to infrequent burns (> 4 years) are encroached
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primarily by the woody shrubs Cornus drummondii and Rhus glabra. In areas of KPBS with 20-

year burn frequencies, Juniperus virginiana (an evergreen tree) is abundant.

Study design and data collection

Research was conducted in 2018 on 3 experimental watersheds at KPBS which included
4 and 20-year burn frequencies without bison present and a 2-year burn frequency with bison
present. Within each watershed, field assistants and | measured 20 Cornus drummondii shrubs
(Table 2.1). We used shrubs exposed to a simulated browsing experiment established in 2015
(O’Connor 2019). Browsing was simulated by removing 50% of new (current year) aboveground
shoot growth from each ramet within a given shrub island (genet) each month throughout the
growing season (May-September). The 'browsed' tissues were removed from the site. Isolated
shrubs were located in the lowlands of either a 4-year burn frequency or 20-year frequency,
hereafter referred to as 'unburned' (n=20 in each burn treatment). Half of the shrubs in each burn
frequency were randomly selected for the browsing treatment. In addition, I selected 20 shrub
islands within the lowlands of a watershed with a 2-year burn frequency and grazed by bison.
Bison were introduced to KPBS in 1987 and are located within an approximately 984 ha
enclosure at KPBS. Stocking rate of about 300 bison results in approximately 25% consumption
of graminoid biomass.

We established 0.25 m wide transects through the length of each shrub island. In May
2018, we tagged each ramet within the transect and recorded the number of living ramets.
Ramets were counted again in September and used to calculate ramet density, mortality, and
natality for each shrub island.

stem density = # of live ramets within the transect / area of the transect
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mortality = # of dead ramets in September / # of live ramets in May

natality = # of new ramets in September / # of live ramets in May

sexual reproduction = # of flowering stems within transect / # of live ramets in May
Sexual reproduction was estimated as the number of flowering ramets within each transect
during peak flowering in June. To estimate the flowering effort per ramet, we counted the
number of inflorescence clusters on 5 ramets on the periphery and 5 ramets in the center of each
shrub.

We used the center and peripheral ramets to measure ramet height and basal diameter in

June and August. Height was measured to the last leaf-bearing node on the tallest axis.
Individual shoot volume was estimated using its basal area and height and calculating the volume
of a cone. Relative growth rates of the shoots were calculated as:

In(volume,) — In(volume,)
# of weeks

Shrub area was calculated using an ellipse area equation by measuring the maximum
length and perpendicular width of each shrub. We multiplied shrub area by the ramet density of
each shrub to estimate the total number of ramets per genet. Genet growth rates were estimated
by multiplying the average ramet relative growth rate of each shrub by the estimated number of
ramets in each shrub. Additionally, we compared leaf size among treatments. We measured leaf

area (cm?) of 4 randomly selected leaves from each shrub and averaged by shrub before analysis.

Statistical analysis
All analyses were conducted using the statistical software R V3.6.0 (R Core Team 2019).
Differences in ramet relative growth rate, natality, mortality, sexual reproduction, and leaf size

among browsed shrubs and control shrubs were tested using two-way ANOVA with an
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interaction between treatment and fire. A one-way ANOVA was used to compare shrubs in
grazed areas with unburned control shrubs with treatment as the main effect. ANOVA tests were
conducted using the car package (Fox & Weisburg 2019). Pairwise comparisons were made
using the emmeans package (Lenth 2019) with Tukey’s HSD adjustment. Graphics were made

using the package ggplot2 (Wickham 2016).

Results

Growing season precipitation in 2018 (505 mm) was approximately 17% below the long-
term average (608 mm) (Table 2.2). In June 2018, when C. drummondii was in peak flower,
there was 71% less precipitation compared to long-term average. Approximately 45% of 2018
growing season precipitation fell within the last 2 weeks of August and 1% week of September
(Figure 2.2).

Shrubs in burned sites had higher stem densities than those in unburned sites (Figure 2.3;
p <0.001). Browsing only reduced stem densities in the burned treatment (p <0.05) and browsed
shrub stem densities did not differ significantly between burned and unburned shrubs (p >0.05).
There was no significant difference in stem density between the beginning (May) and end
(August) of the season within any treatment.

Ramet relative growth rates did not differ between ramets on the periphery and in the
center of the shrub, so data were combined and position within the shrub was not included in the
analyses. Ramet growth rate data were averaged by shrub before analysis. Ramet relative growth
rates were extremely low in all treatments (Figure 2.4) and did not differ among browsing or fire
treatments (Table 2.5). Ramets of shrubs in the grazed areas had significantly higher growth rates

than the unburned control (not browsed or grazed) shrubs (Table 2.6).
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Browsing nearly eliminated sexual reproduction (Figure 2.5). The burned control shrubs
also had low flowering with an average of 2.5% of stems producing flowers. By contrast, the
majority of stems flowered within the unburned control shrubs (72%), which had significantly
higher proportion of flowering stems than all other treatments. There were no differences in
vegetative reproduction (ramet natality) among browsed and control treatments. The burned
control shrubs had the lowest ramet natality, which was significantly lower than the unburned
control shrubs (p <0.05). Shrubs in grazed areas did not differ in vegetative reproduction.
Mortality of stems did not differ among treatments.

Genet area, estimated number of ramets per genet, and estimated genet growth rates were
extremely variable within and between treatments (Table 2.4). Burned control shrubs and shrubs
in grazed areas had the highest genet growth rates. In the burned treatment, browsed shrubs had
reduced genet growth compared to the control, but minimal differences existed between
unburned browsed and control shrubs. The unburned control shrubs had the lowest genet growth
rates.

Leaf size of C. drummondii varied according to the grazing and browsing treatments.
Browsed shrubs had ~86% smaller leaves than their respective controls (Figure 2.6). Shrubs in
grazed areas had ~18% smaller leaves than the unburned controls. There were no differences

between control shrubs in burned and unburned treatments.

Discussion

This study is the first to explore intra-clonal ramet demography on the most important
encroaching woody species in the Flint Hills, Cornus drummondii, in response to disturbance. |

examined the interactive effects of fire with simulated browsing and grazing by bison on Cornus
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drummondii ramet growth rates, reproduction, and demography. The results show that fire and
herbivory interact to alter ramet growth rates and ramet demography within C. drummondii.
Infrequent fires (< 4-year fire frequency) are known to promote shrub establishment and growth
in tallgrass prairie, but the effects of fire with browsing and grazing were not well understood.

Shrub establishment and growth has been shown to be limited by above- and
belowground competition with grasses (Scholes & Archer 1997; Clarke & Knox. 2009; Pierce et
al. 2019). Shrub ramet relative growth rates were highest in the grazed area. These results
suggest shrubs may experience a competitive advantage in response to grazing. Grazing
suppresses grass biomass reducing their pre-emption of light and soil resources and their
population level competitive effects on shrubs. Grazing reduces grass investment in roots
(Johnson & Matchett 2001), which may increase shrub competitive ability belowground and
increase growth rates of ramets, especially young ramets with less developed roots systems.
Additionally, reduced above- and belowground grass biomass in grazed areas may increase deep
water infiltration and increase water availability for ramets with deep roots systems. Although
my results indicate that grazing may reduce competition and increase growth rates of shrub
ramets, this effect may be context-specific as grazing has also been shown to reduce clonal shrub
expansion rates due to decreased soil moisture causing higher soil evaporation compared to
ungrazed areas (Ratajczak et al. 2014b).

Shrubs in grazed areas had a lower proportion of flowering stems compared to unburned,
ungrazed control shrubs. Additionally, shrubs in grazed areas did not produce as many
inflorescence clusters per stem (mean of 1.2 clusters per stem) as the unburned shrubs (mean of
30.5 clusters per stem) probably due to the deeper soils and lack of disturbance in the unburned

area. Shrubs in grazed areas had ~18% smaller leaves than unburned, ungrazed shrubs, but
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differences were marginally significant and may be an artefact of deeper soils in the ungrazed
area. Ramet natality and mortality did not differ between shrubs in the grazed area and unburned,
ungrazed shrubs, but shrubs in the grazed areas had higher stem densities likely driven primarily
by fire.

Shrubs in burned areas had higher stem densities. This is in agreement with previous
research that showed that fire stimulates growth of rhizomatous and basal buds after top-kill
(Heisler et al. 2004; Lett et al. 2004). Stem densities did not differ from the beginning and end of
the season for any treatment due to the complete replacement of any stems that died during the
growing season. This is similar to intra-clonal dynamics of Rhus glabra, another major
encroaching species in the tallgrass prairie. Hajny et al. (2011) found stable ramet densities in
Rhus glabra due to complete replacement of ramets after fire. Additionally, population growth in
R. glabra was higher in burned than unburned sites (Hajny et al. 2011). In my study, genet level
growth rates showed similar trends as the ramet level. Shrubs in burned areas had the highest
genet growth rates (Table 2.4).

Compensatory growth is a common plant response to browsing. Simulated winter
browsing has been shown to increase shoot growth during the following growing season in
Acacia species and this was attributed to release from intraspecific competition of shoots for
light (Du Toit et al. 1990; Gadd et al. 2001; Rooke et al. 2004). Results from my study did not
show differences between browsed and control shrubs. Growth rates were extremely low in all
treatments likely due to the summer 2018 drought and the effects of browsing on growth rates
may be enhanced and better understood in a more average precipitation year, and certainly if
measured cumulatively over multiple years. It is also possible that ramet growth rate in the

browsed shrubs is limited by recovery time. Repeated growing season browsing may not give
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shrubs enough time to recover by removing new growth. Additionally, browsed shrubs could be
investing in the production of new ramets and basal resprouts over height growth.

Browsing did not result in increased ramet mortality or decreased ramet natality. This
was surprising as these shrubs faced drought and repeated browsing throughout the growing
season. The lack of ramet mortality and ability of shrubs to invest in new ramets during the
drought emphasizes the persistence of clonal shrubs and the importance of belowground carbon
and nutrient reserves, and belowground bud banks in stabilizing clonal plant population
dynamics (Ott et al. 2019). Investing in new ramets during stress may be an invasive mechanism
facilitated by clonal growth in attempt to colonize the area while other plant competitors are
stressed. These data show that drought may affect the growth rates, but not necessarily survival
of mature clonal shrubs.

Browsing with fire reduced ramet densities suggesting browsed shrubs did not produce as
many ramets during resprouting as the burned control shrubs after fire in 2017. Genet growth
rates in the browsed shrubs were also reduced in the burn treatment (Table 2.4). These results
support other studies that the effects of browsing are strongest in combination with fire (Staver et
al. 2009; Midgley et al. 2010). The difference in ramet densities, but not single-year ramet
mortality or natality between treatments indicates that fire and browsing have a longer-term
effect on ramet population dynamics that were not captured within one growing season.

Browsing has been shown to change shrub architecture by removing apical dominance
resulting in increased branching and changes in leaf size. Browsing resulted in some ramets
producing 2 main shoot axes (personal observation), however differences in branching between
browsed and control shrubs seemed minimal. Browsing in this study caused variation in leaf size.

Leaves on browsed shrubs were on average ~86% smaller than their respective controls. The
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highly reduced leaves seemed to be more abundant during the drought year than previous
browsing seasons (O’Connor, personal communication). Replacement of leaves is energetically
costly and repeated investment likely reduced the belowground C and nutrient reserves. Browsed
shrubs may reduce leaf size to invest in more leaves and fill out the canopy faster than investing
in fewer large leaves (Hartnett et al. 2012). Other studies of simulated browsing have shown
increased leaf area (Rooke et al. 2004). However, these studies either implemented browsing
during the winter or browsed less often than my study. Additionally, reduced leaf size may
reduce the damage by future browsing by reducing the amount of tissue lost per bite.

Shrubs continually invest in aboveground growth during repeated browsing during the
growing season. Repeated browsing results in reduced shrub cover as the plant cannot fully
recover. Additionally, constant resprouting results in reduced belowground nonstructural
carbohydrate (NSC) storage (O’Connor 2019), which potentially reduces the shrubs’ ability to
invest in growth the following growing season. Concentrated and repeated growing season
browsing may be an effective management technique to suppress clonal shrub growth and
increase grass cover (da Silveira Pontes et al. 2016; O’Connor 2019). Additionally, in my study
simulated browsing eliminated flower and seed production due to the removal of flowering
meristems. These data suggested that browsing during the growing season was an effective time
to control for shrub reproduction to prevent or minimize contributions to the seed bank. These
results also suggest drought may be a good time to invest in shrub removal strategies (brush
cutting, herding browsers, herbicides) as shrubs have limited growth and seed production.
Understanding the growth rates and demographics of clonal shrubs is important for developing

models to project shrub expansion in response to different disturbance regimes. More data are
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needed to understand how these factors change in response to interannual rainfall and climate

variability.
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Table 2.1 Shrub island sample sizes among fire frequency, simulated browsing, and grazing
treatments.

Treatment Fire Years Since Simulated Bison n
Frequency Last Burn Browsing Present

Unburned Control 20 6 N N 10

Unburned Browsed 20 6 Y N 10

Burned Control 4 1 N N 10

Burned Browsed 4 1 Y N 10

Grazed 2 1 N Y 20

Table 2.2 Long term (1982-2017) mean and 2018 growing season precipitation (mm) for
each month. Historical values are means = 1 SE.

Month Historical 1982-2017 2018 % Change

April 83.3+£47.7 41.3 -50
May 1104 +£79.1 80.4 -27
June 131.5+67.7 37.9 -71
July 101.1£78.6 86.6 -14
August 110.0 +£52.6 140.3 +22
September 72.0+41.4 125.3 +43
Total 608.7 + 65.2 504.9 -17
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Table 2.3 Mean height (cm) and diameter (mm) of ramets in the center and periphery for
each treatment. All values are means £ 1 SE.

Treatment Stem Height Stem Diameter
Center Periphery Center Periphery
Unburned Control 17538+ 7.26 91.78+5.64 1843+1.18 10.23+0.56
Unburned Browsed  118.22 +6.13 66.62+2.97 13.55+0.84 8.10+0.40

Burned Control 9253+5.25 66.13+254 7.95+0.57 6.81 +0.28
Burned Browsed 39.05+1.82 43.78+159 4.36+0.18 484 +0.19
Grazed 94.70+3.97 59.86+2.36 7.41+0.33 6.69 £ 0.25

Table 2.4 Mean shrub area (m?), stem density (m-2), estimated number of ramets, and
estimated genet relative growth rates (mm?3 mm-3 week!) of shrubs for each treatment. The
number of ramets per shrub were estimated by multiplying shrub area and stem density.
Genet relative growth rates were estimated by multiplying the estimated number of ramets
by the average ramet relative growth rate for each shrub. All values are means + 1 SE.

Treatment Area Stem Density # Ramets Genet Growth
Unburned Control 40.79£15.30 14.88+£1.99 615.24 + 370.08 9.93+6.24
Unburned Browsed  39.09 +23.17 18.19+2.20 663.16 + 334.47 13.46 £ 9.39

Burned Control 88.78+41.59 37.12+2.78  3150.81 £1582.27  79.37 £48.72
Burned Browsed 41.30+£37.90 2252 +3.93 843.97 £595.24 13.31 £ 8.49
Grazed 45.60+43.98 31.19+2.01 1448.62+1292.81 63.56 *+82.60

Table 2.5 ANOVA results for browsing, fire, and grazing treatments for stem densities.
Browsed and control shrubs in the burned and unburned watersheds were compared.
Shrubs in the grazed area were compared to unburned control shrubs. Alpha = 0.05.

Comparison DF F P
Treatment 1 5.1051 0.030
Browsing and Fire Fire 1 17.7703 <0.001
Treatment*Fire 1 7.16 0.011
Grazed vs. Unburned Control Treatment 1 26.237 <0.001
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Table 2.6 ANOVA results for browsing, fire, and grazing treatments for ramet relative
growth rates. Browsed and control shrubs in the burned and unburned watersheds were
compared. Shrubs in the grazed area were compared to unburned control shrubs. Alpha =
0.05.

Comparison DF F P
Treatment 1 0.0004 0.985
Browsing and Fire Fire 1 1.0898 0.303
Treatment*Fire 1 1.6487 0.207
Grazed vs. Unburned Control Treatment 1 26.237 <0.001

Table 2.7 ANOVA results for browsing, fire, and grazing treatments for the and ramet
natality, mortality, and flowering stems. Browsed and control shrubs in the burned and
unburned watersheds were compared. Shrubs in the grazed area were compared to
unburned control shrubs. Alpha = 0.05.

Comparison DF F P
Treatment 1 0.324 0.573
Browsing and Fire Fire 1 3.918 0.055
Natality Treatment*Fire 1 5.533 0.024
Grazed vs. Unburned Control Treatment 1 0.5072 0.086
Treatment 1 0.388 0.537
Browsing and Fire Fire 1 1.024 0.318
Mortality Treatment*Fire 1 0.003 0.958
Grazed vs. Unburned Control Treatment 1 0.219 0.643
Treatment 1 152.66 <0.001
Flowering Browsing and Fire Fire 1 126.15 <0.001
Stems Treatment*Fire 1 126.52 <0.001
Grazed vs. Unburned Control Treatment 1 71.517 <0.001

28



Figure 2.1 Maintenance of grasslands and transition to alternative stable states adapted
from Ratajczak et al. 2014a. A) Grasslands are maintained at a fire frequency of 3 or less
years. B) Fire suppression leads to a woodland state transition. C) Infrequent fire allows
shrub establishment, growth, survival, and clonal expansion leading to a shrubland state.

A. Fire < 3 years B. Unburned
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Figure 2.2 Daily growing season precipitation (mm) April — September. All rainfall events
shown are greater than 5 mm since more than 5 mm must fall to reach the soil surface. Day
of Year 121, 152, 182, 213, and 244 correspond to the first of each month the growing
season (May, June, July, August, and September, respectively).
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Figure 2.3 Average initial and final stem density (# stems m-2) for each treatment. Al

values are means = 1 SE. UB = unburned, B = burned
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Figure 2.4 Average ramet relative growth rates (mm? mm-2 week!) for each treatment. UB
= Unburned, B = Burned. The grazed area is burned every 2 years and the ungrazed,
burned area is burned every 4 years. All values are means + 1 SE.
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Figure 2.5 Boxplot of the proportion of stems in transects that produced flowers (sexual),
are new (natality), or died (mortality) for each treatment. UB = Unburned, B = burned.
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Figure 2.6 Boxplot of leaf area (cm2) for each treatment. UB = unburned, B = burned.
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Chapter 3 - Effects of fire on Cornus drummondii leaf physiology

during drought

Introduction

Fire is a major driver of tallgrass prairie ecosystem structure, nutrient cycling, and
resource availability. Fire drives the suppression of woody species to maintain a grass dominated
system (Briggs et al. 2002; Briggs et al. 2005). Fire also results in a volatilization of N, and
increased light availability for regrowing plants (Hulbert 1988; Knapp & Seastedt 1986; Blair
1997). Grassland plant species have become adapted to survive fire by producing belowground
buds that regenerate aboveground shoot populations after disturbance (Clarke et al. 2013; Ott et
al. 2019). For many woody species, resprouting after fire is a key trait required for survival in
grasslands and the ability to persist across the landscape (Bond & Midgley 2001). Typically, fire
kills woody saplings, preventing establishment. However, at infrequent fire intervals (< 4-year
fire frequency) woody plants can grow large enough to survive fire and develop large
underground root systems with stored carbon and nutrient reserves to facilitate regrowth after
fire (Dietze et al. 2014).

Plant shoots regenerating after fire (referred to as resprouts) tend to have higher growth
rates and productivity than plants in unburned areas due to increased resource availability
(Castell et al. 1994; McCarron & Knapp 2003). This increase in productivity in response to
changes in the limiting resources is a result of the transient maxima hypothesis. The
accumulation of N in infrequently burned grasslands is readily taken up by resprouts after fire
due to a transient release from light limitation (Seastedt & Knapp 1993; Blair 1997). High N
content is positively correlated with photosynthetic rate because the majority of leaf N is used to

build photosynthetic machinery (Field and Mooney 1986; Evans 1989) resulting in resprouts

35



having higher photosynthetic rates and growth rates than plants in unburned locations (DeSouza
et al. 1986; Castell et al. 1994; Fleck et al. 1998; Goorman et al. 2011). Increased photosynthetic
rates of woody resprouts can also be due to increased root:shoot ratio resulting in improved leaf
level water and nutrient availability (DeSouza et al. 1986; Pefa-Rojas et al. 2004).

The expansion of the native, clonal shrub Cornus drummondii is contributing to a major
loss of the mesic tallgrass prairie of the Central Great Plains (Ratajczak et al. 2011). C.
drummondii shrubs form distinct islands that limit light availability and shade out herbaceous
species in the understory (Lett & Knapp 2003). The immediate effects of fire on C. drummondii
include increased stem densities due to activation of belowground buds (Ott et al. 2019) but
reduced shrub productivity (Heisler et al. 2004; Heisler et al. 2007). Previous research has shown
C. drummondii has deep root systems that mitigate competition for water from grasses and
decouple shrub leaf physiology from environmental variability (Ratajczak et al. 2011; Nippert et
al. 2013). Studying the response of C. drummondii leaf structure and physiology to fire will help
further our understanding of the mechanisms clonal shrubs use to expand and succeed in tallgrass
prairie.

| examined the post-fire leaf physiology on resprouting stems of Cornus drummondii
resprouts. During the summer of 2018, | compared shrubs burned in a prescribed fire earlier in
2018 to shrubs burned in 2017. | compared leaf level gas exchange, water use efficiency (WUE),
and photosynthetic nitrogen use efficiency (PNUE) between burn year treatments. Additionally, 1
used leaf traits such as leaf mass per area (LMA) and leaf dry matter content (LDMC) to help
explain differences between the burn year treatments. | addressed the following questions: 1)
How does fire influence leaf level physiology and leaf structure of C. drummondii ramets (i.e.

2018 vs. 2017 burn treatment)? 2) How do responses vary with position within shrub islands
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(center vs. periphery)? 3) If differences exist between treatments what is the most likely

mechanism(s) to explain the physiological response to fire?

Methods

Study site

Data were collected at Konza Prairie Biological Station (KPBS; 39°05° N, 96°35* W)
located 15 km south of Kansas State University in Manhattan, KS. KPBS is a 3,487-hectare
native tallgrass prairie characterized by uplands with shallow limestone soils and lowlands with
deeper silty-clay loams separated by rocky hillslopes. The elevation varies from 320-444 m
above sea level. The site is divided into 57 watersheds that are each assigned to a specific annual
fire frequency (1, 2, 4, or 20-year burns) and grazing treatment (bison, cattle, or no large
mammalian grazers). Mean annual precipitation (1982-2018) is 835 mm, with approximately
73% of annual precipitation falling during the growing season (April-September). Temperature
means (1982-2018) range from an average daily low of -1.2°C in January to a high of 26.1°C in
July. Cswarm-season grasses (Andropogon gerardii, Panicum virgatum, Sorghastrum nutans,
and, Schyzachyrium scoparium) dominate the plant cover and annual productivity in portions of
the site that are frequently burned. Areas subject to infrequent burns (< 4-year fire frequency) are
encroached primarily by the woody shrubs Cornus drummondii and Rhus glabra. In areas of

KPBS with 20-year burn frequencies, Juniperus virginiana (an evergreen tree) is abundant.

Study design and data collection
Research was conducted in 2018 at KPBS on 2 watersheds with a 4-year burn frequency

(4A, 18.84 ha and 4B, 54.5 ha). 4A was burned in spring 2018 and 4B burned in spring 2017. |
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randomly sampled 40 mature C. drummondii shrubs located in the lowlands of each watershed.
Shrubs had an average aboveground area of 44 m?. Fire penetrated through all the shrub islands
in the 2018 burn treatment, therefore only resprouts were measured within this burn year
treatment. There were four sampling dates throughout the summer (2018 day of year — 162, 183,
205, 229). Day of year 162 corresponds with June 11, 2018. Leaf-level gas exchange
measurements (light-saturated photosynthetic rate, Amax; transpiration, E; and stomatal
conductance to vapor, gs) were made on one fully expanded, sun-exposed leaf at the periphery
and in the center of each shrub (N=40/watershed) using the Li-6400 open-system gas analyzer
(Li-Cor, Inc., Lincoln, NE). Cuvette conditions were set to [CO2] = 400 umol CO2 mol, relative
humidity = 40 — 60%, and photosynthetically active radiation (PAR) = 2000 umol m-2 s, Leaves
were allowed to stabilize to chamber conditions before recording the measurement. Gas
exchange measurements were collected between 10:00 and 16:00 h. Sampling order was random
for each sampling date to minimize variability contributed by diurnal effects.

The leaf used for gas exchange and three other leaves from the periphery and center of
each shrub were collected, placed in a moist plastic bag and stored in a cooler until brought back
to the lab for processing. June leaves were collected after gas exchange sampling (on day of year
[DOY] 179) and all other leaves were collected during the gas exchange measurements. Since N
content and leaf functional traits vary with leaf age, | collected the youngest fully expanded sun-
exposed leaves which typically were collected from the 3™ node down. Leaves were stored in a
refrigerator (at 2°C) and measured for leaf area and wet weight within 24 hours of collection.
Leaves were dried at 53 °C (for 72 hours) and subsequently weighed for dry mass. | calculated
leaf mass per area (LMA) and leaf dry matter content (LDMC) from the measured leaf traits.

Leaf relative water content (RWC) was calculated as the difference of leaf wet and dry weight

38



corrected for leaf dry weight. LMA, LDMC, and RWC were calculated for each leaf and then
averaged by position for each shrub before analysis.

For each shrub, four leaves from each position (periphery and center) for each shrub were
combined and ground. For each watershed and sampling date, 20 homogenized samples from the
periphery and 20 from the center were used for stable isotope analysis. | measured N and C
content (% dry mass) and the stable isotopic composition of leaves at the Stable Isotope Mass
Spectrometry Laboratory at Kansas State University. Ground samples were combusted using an
Elementar vario Pyro cube. An Elementar Vision mass spectrometer was used for isotope

analysis. The & notion for isotopic ratios was calculated as:

o= [(Rsample / Rstandard) -1] *1000

Where R is the ratio of heavy to light isotopes for the sample and standard (Vienna-Pee-Dee
Belemnite), respectively. §!3C was used as a proxy for integrated water-use efficiency (iWUE).
Larger values (enriched) of leaf 5*3C indicate a higher iWUE. iWUE is typically used as a proxy
for intrinsic WUE (A/gs). | therefore expected trends to be the same for these 2 measurements
with differences reflecting iWUE as a longer-term measurement incorporating daily WUE over
the life span of the leaf while intrinsic WUE is an instantaneous measurement.

Photosynthetic nitrogen-use efficiency was calculated as:

A (umolm=2s71)

PNUE =
Narea (g m—Z)
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N content per leaf area (Narea; g/m?) was determined as the N content of the homogenized

leaf samples (g/g) multiplied by the average leaf area (m?).

Statistical analysis

Statistical analyses were performed in R VV3.6.0 (R Core Team 2019). Daily precipitation
data were obtained through the Climate and Hydrology Database Projects collected from the
KPBS headquarters. 1 used linear mixed effects repeated measure ANOVA models using the
Imer function in the ImerTest package (Kuznetsova et al. 2017) to test for differences in gas
exchange rates, WUE, PNUE, and leaf structure. Fixed effects for all models included burn year
(2017 and 2018) and sampling date (DOY 162, 183, 205, 229). Position (center or periphery)
nested within shrub ID was the random effect. Pairwise comparisons were made using the
emmeans package (Lenth 2019) with Tukey’s HSD adjustment. Graphics were made using the

package ggplot2 (Wickham 2016).

Results

Precipitation during the sampling period was approximately 41% below the long-term
average (Table 3.1). In addition, the early- and mid-growing season precipitation was minimal
and approximately 45% of 2018 growing season precipitation fell after sampling was complete.
Gas exchange rates did were not significantly different (p >0.05) between positions (center and
periphery) within measured shrubs in the 2017 burn treatment. In the 2018 burn treatment, leaves
in the center of the shrub had marginally higher transpiration and stomatal conductance than

those at periphery, but only for the first two sampling periods. No position differences existed
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thereafter. Because shrub position data were largely insignificant, "position” was not included as
a main effect in subsequent analyses.

Shrubs in the 2018 burn treatment had higher gas exchange rates than those in the 2017
burn treatment throughout the growing season, including Amax, E, and gs (Fig. 3.2). Differences in
gas exchange between burn year treatments were greatest at the beginning of the season and
differences diminished through time. The interaction between sampling date and burn year was
significant (p <0.001) for all gas exchange variables indicating the magnitude of the difference
between burn year treatments varied significantly through time (Table 3.3). Burn year treatments
had similar trends in Amax following those expected in response to precipitation (Figure 3.2A).
Average Amax Values on DOY 183 were nearly half of those on DOY 162 and increased again on
DOY 205 after the site received multiple days with rainfall. Differences in Amax between burn
year treatments were significant for the first 3 sampling dates. E and gs were highest at the
beginning of the season in the 2018 burn treatment and declined by DOY 183 where they
remained stable through the remainder of the growing season (Figure 3.2 B & C). E and gs did
not vary across the growing season in the 2017 burn treatment. Differences between burn year
treatments were significant for all sampling dates for E and the first 2 sampling dates for gs. Gas
exchange variability within sampling date was highest on the first sampling date especially in the
2018 burn treatment and variability was reduced for the remainder of the growing season.

Intrinsic WUE and 8'3C showed similar trends between burn year treatments (Figure 3.3).
The 2018 burn treatment had lower WUE (for both metrics of WUE: intrinsic WUE and §'3C) at
the beginning of the season than the 2017 burn treatment and differences declined through the
growing season. Intrinsic WUE and §'3C varied significantly across the growing season in the

2018 burn treatment (p<0.001), but not in the 2017 burn treatment. The 2018 burn treatment had
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significantly lower intrinsic WUE on DOY 162, but differences between burn year treatments
declined across the growing season (Figure 3.3A). No differences in 8'3C were present between
burn year treatments on any sampling date. In the 2018 burn treatment, leaves sampled on DOY
162 and 183 had lower intrinsic WUE than DOY 205 and 229. §'3C was significantly lower on
DOY 176 and 183 than DOY 229.

Plants in the 2018 burn treatment had significantly higher %N than the 2017 burn
treatment across the growing season (p < 0.001). Average %N decreased significantly on DOY
205 in both the burn year treatments (p <0.05). Differences in Narea (g m2) were not significant
between burn year treatments when adjusted for leaf area (p > 0.05) and there was no significant
interaction between burn year and sampling date (Table 3.5). The 2018 burn treatment had
higher PNUE with significant differences between burn year treatments for the first 3 sampling
dates (p <0.05). Narea and PNUE covary as Narea Was used to calculate PNUE.

Leaf traits varied significantly between watersheds and over the course of the growing
season (Figure 3.5). Resprouts from the 2017 burn treatment had significantly higher LMA and
LDMC than shrubs in the 2018 burn treatment, regardless of sampling date (Figure 3.5). LMA

and LDMC increased significantly until DOY 205 for both burn year treatments.

Discussion

This study gives insight into the physiological mechanisms used by a major encroaching
shrub to survive in tallgrass prairie after fire and during drought. Shrubs in the 2018 burn
treatment (resprouts) had higher photosynthetic rates, transpiration rates and stomatal
conductance to water vapor than shrubs in the 2017 burn treatment across the growing season.

Increased gas exchange in resprouts is consistent with other studies (DeSouza et al. 1986;
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McCarron & Knapp 2003; Goorman et al. 2011). For the first 2 sampling dates, resprouts had
mean photosynthetic rates over 2x higher than shrubs in the 2017 burn treatment and
transpiration rates nearly 4x higher than the 2017 burn treatment. Differences between treatments
diminished through time with no differences in photosynthetic rates or stomatal conductance by
DOY 229. Higher gas exchange rates in resprouts compared to shrubs in the 2017 burn treatment
is likely due to a combination of possible factors, such as increased root:shoot ratio and leaf N
content.

Increased gas exchange rates are likely related to increased root:shoot ratio resulting in
increased leaf level water availability (Castell et al. 1994; Pefia-Rojas et al. 2004). Resprouts had
~30% higher leaf relative water (RWC) content than shrubs in the 2017 burn treatment.
Differences in leaf RWC decreased across the growing season to ~10% lower RWC in the 2017
burn treatment than the 2018 burn treatment on DOY 229. Mature C. drummondii shrubs have
deep, established root systems with access to deep soil water (>30cm; Ratajczak et al. 2011;
Nippert et al. 2013). Deep roots provide a consistent water source allowing new aboveground
growth to exert high transpiration rates resulting in reduced intrinsic WUE at the beginning of
the season (Figure 3.3A). However, burn year treatments had only minor effects on intrinsic and
integrated WUE (8'3C) and differences decreased across the growing season. Resprouts
increased WUE later in the season, which is likely related to reduced gs.

Resprouts with increased transpiration and photosynthetic rates could also be due to the
ability of leaves to regulate their microclimate by increasing the latent heat and thereby
decreasing leaf temperatures after fire (Gates 1968; Michaletz 2015). Previous work has shown
C. drummondii lowers leaf temperature relative to air temperature after fire, creating a favorable

microclimate for photosynthesis (O’Connor 2019). In addition, O’Connor (2019) reported that
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leaf temperature regulation was strongest following fire, but not during years without fire. While
leaf temperature data were not measured as part of this study, increased stomatal conductance

and transpiration rates are likely to impact leaf thermal energy budget, and supports the assertion
that post-fire resprouts have altered physiological processes than leaves from unburned locations.

In addition to increased root:shoot ratio and transpiration, increased gas exchange rates in
the 2018 burn treatment may be due to higher %N in leaves as leaf N concentration is positively
correlated with photosynthetic rates (Field and Mooney 1986; Evans 1989). Fire resulted in a
pulse in leaf N content as resprouts had higher %N across the growing season and a trend of
higher Narea, Supporting the transient maxima hypothesis. McCarron & Knapp 2003 also showed
support for the transient maxima hypothesis in C. drummondii as infrequently burned shrubs had
higher %N and photosynthetic rates than unburned shrubs. However, Narea differences between
burn year treatments were not significant. Leaves of resprouts also had increased PNUE. At a
given irradiance, PNUE is typically negatively correlated with N content (Lambers 2008).
Although resprouts had higher % N, Narea did not differ between burn year treatments. Thus,
lower PNUE in the 2017 burn treatment is likely driven by low stomatal conductance and
photosynthetic rates.

These results and all the measured physiological responses to fire (increased gas
exchange rates, lower WUE, and higher PNUE) correspond with changes in leaf structure. LMA
and LDMC may vary within species in response to a plant’s environment (Poorter et al. 2009).
Resprouts had lower LMA and LDMC than shrubs in the 2017 burn treatment. LMA is typically
negatively correlated with photosynthetic rate, leaf N concentration, protein content, and PNUE
(Poorter et al. 2009). My results show resprouts produced leaves with higher %N and less

structural investment (i.e. cell walls and lignin) than leaves from the 2017 burn treatment.
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LDMC is often positively correlated with leaf lifespan also suggesting the shrubs in the 2017
burn treatment were investing more in leaf structure than resprouts. These results suggest that
resprouts are investing in growth and likely have greater leaf turnover than the 2017 burn
treatment. Greater leaf turnover also helps explain the trend of resprouts with lower §'3C earlier
in the season. Lower LMA and LDMC suggests resprouts modified leaf structure to maximize C
gain and minimize leaf C investment and indicates resprouts were investing in shoot growth after
fire, which restores height to maximize light capture. Growth investment may be an important
mechanism in competing with vigorous grass growth after fire and to replenish belowground
reserves used for resprouting.

Lack of gas exchange differences between the center and periphery of the shrub may be
due to clonal integration, the ability of shrubs to translocate water and resources among ramets.
Previous research indicated no difference occurred in gas exchange between leaves measured at
the center and periphery of C. drummondii shrubs (O’Keefe & O’Connor, unpublished).
Although ramets on the periphery and center are experiencing different microclimates, leaf level
physiology remains fairly uniform throughout the upper canopy. The transfer of resources among
ramets increases physiological uniformity, biomass production, and competitive ability of the
genet (Hartnett & Bazzaz 1983; Song et al. 2013). Any differences seen in gas exchange by
position were on the first sampling date for the 2018 burn treatment and disappeared thereafter
(data not shown). The higher Amax, E, and gs in the center of reprouting shrubs may be due to
closer proximity to the center taproot and thus more immediate water availability for the center
ramets.

The sampling period during the summer 2018 was one of the driest and hottest on record

at KPBS. Average photosynthetic and transpiration rates were slightly lower than those reported
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for C. drummondii in other studies (McCarron & Knapp 2003; Muench et al. 2016) suggesting
some evidence of leaf level drought stress. My study found similar photosynthetic rates in a
previous study that averaged rates across the growing season during drought (Heisler et al.
2007). Heisler et al. (2007) found unburned shrubs had lower photosynthetic rates than burned
shrubs during a dry year, but higher photosynthetic rates than burned shrubs during a wet year.
My results also show lower photosynthetic rates in unburned shrubs during a dry year suggesting
differences in gas exchange rates are driven mostly by water stress resulting in lower stomatal
conductance. Heisler et al. (2007) attribute lower photosynthetic rates of burned shrubs during a
wet year to shrub age. They focused on shrubs 3-5 years old, which were smaller and not yet
considered mature and dominate. Thus, these shrubs may have had less developed roots systems
and experience hotter, drier soil conditions than unburned shrubs. Pefia-Rojas et al. (2004) found
Quercus ilex resprouts to have higher photosynthetic rates than control trees during drought but
found no differences between resprouts and controls when water was readily available.
Additionally, Pefia-Rojas et al. (2004) reported that control trees had a larger decrease in
stomatal conductance and photosynthesis than resprouts and found stomatal conductance to be
the main limiting factor limiting photosynthetic rates.

Although gas exchange rates were lower than reported in other studies, gas exchange,
WUE, and PNUE in the 2017 burn treatment remained stable across the growing season. Deep
rooted, clonal shrubs such as C. drummondii have a consistent water source and are generally
thought of as insensitive to growing season climatic variability, which helps explain stability
across the growing season (Nippert et al. 2013). 8'3C values are similar to those reported in other
studies suggesting C. drummondii maintains relatively constant stomatal control within and

among growing seasons (Nippert et al. 2013; O’Connor 2019).

46



These results indicate C. drummondii changes leaf structure in response to fire in order to
maximize C gain, but leaf physiology remains relatively stable across the growing season, even
during drought. In general, the effects of fire on C. drummondii are similar to those observed for
resprouting shrubs in other systems such as increased gas exchange rates and leaf %N. These
post-fire physiological traits are likely attributes that help clonal shrubs respond to disturbance,
increase competitive success with grasses and ultimately promote long-term persistence and

expansion in high-disturbance environments like the tallgrass prairie.
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Table 3.1 Long term (1982-2017) mean and 2018 growing season precipitation (mm) for
each month.

Month Historical 1982-2017 2018 % Change
April 83.3+47.7 41.3 -50
May 1104 +£79.1 80.4 -27
June 131.5+67.7 37.9 -71
July 101.1+78.6 86.6 -14
August 110.0 £52.6 140.3 +22
September 72.0+414 125.3 +43
Total 608.7 £ 65.2 504.9 -17
Sampling Period 2444 +17.4 144.2 -41

Table 3.2 Leaf relative water content of shrubs burned in 2017 and shrubs burned in 2018
and the % difference between burn year treatments. All values are means + 1 SE.

DOY 2017 2018 % Difference
173 1 28+0.10 1.85 + 0.22 30
183 118+0.10 1.44 +0.17 18
205 4 09+0.06 1.37 £ 0.12 -20
229 108+0.08 1.21+0.11 -10

Table 3.3 Linear mixed effects model results of gas exchange in response to burn year
treatment and sampling date as fixed effects and position within the shrub as a random
effect.

NumDF DenDF F P

A Burn Year 1 79.437 63.8436 <0.001
Date 3 211.429 34.6776 <0.001

Burn Year*Date 3 211.429 6.6441 <0.001

E Burn Year 1 79.734 148.849 <0.001
Date 3 208.253 56.309 <0.001

Burn Year*Date 3 208.253 41.768 <0.001

Os Burn Year 1 79.726 59.805 <0.001
Date 3 208.932 28.838 <0.001

Burn Year*Date 3 208.932 28.635 <0.001
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Table 3.4 Linear mixed effects model results of WUE in response to burn year treatment
and sampling date as fixed effects and position within the shrub as a random effect.
Intrinsic WUE was calculated as A/gs and §C is often used as an integrated proxy for
WUE.

NumDF DenDF F P
intrinsic WUE Burn Year 1 79.072 27.4563 <0.001
Date 3 212.9 13.7014 <0.001
Burn Year*Date 3 212.9 9.5854 <0.001
d:C Burn Year 1 78.252 0.8483 0.359
Date 3 233.889 15.1382 <0.001
Burn Year*Date 3 233.889 4.93 0.002

Table 3.5 Linear mixed effects model results of %N, leaf N content (g m2), and PNUE (u
mol g s1) in response to burn year treatment and sampling date as fixed effects and
position within the shrub as a random effect.

NumDF  DenDF F P
Burn Year 1 78.143 101.519 <0.001
% N Date 3 205.223 83.190 <0.001
Burn Year*Date 3 205.223 15.323 <0.001
) Burn Year 1 78.813 4.195 0.044

N (g m?)

Date 3 211.683 14.934 <0.001
Burn Year 1 72.464 59.6223 <0.001
PNUE Date 3 208.335 41.6088 <0.001
Burn Year*Date 3 208.335 5.6477 <0.001

Table 3.6 Linear mixed effects model results of LMA (g m-?) and LDMC (mg g?) in
response to burn year treatment and sampling date as fixed effects and position within the
shrub as a random effect.

NumDF  DenDF F P
Burn Year 1 77.985 88.877 <0.001
LMA Date 3 232.441 301.987 <0.001
Burn Year*Date 3 232.441 17.963 <0.001
Burn Year 1 77.967 194,149 <0.001
LDMC Date 3 232.629 265.514 <0.001
Burn Year*Date 3 232.629 45.747 <0.001
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Figure 3.1 Daily growing season precipitation (mm) April — September. All rainfall events
shown are greater than 5 mm since more than 5 mm must fall to reach the soil surface. Day
of Year 121, 152, 182, 213, and 244 correspond to the first of each month throughout the
growing season (May, June, July, August, and September, respectively).
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Figure 3.2 Leaf level gas exchange measurements for C. drummondii throughout the
growing season. A) CO: assimilation rate, Amax. B) transpiration rate, E. C) stomatal
conductance, gs. Values shown are the mean = 1SE. Asterisks indicate significant
differences among burn treatments within sampling date. Alpha = 0.05.
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Figure 3.3 Intrinsic WUE and 8**C measurements for C. drummondii throughout the
growing season. A) Intrinsic WUE calculated as A/gs from gas exchange measurements. B)
&1C measurements from homogenized leaf samples from each shrub. Leaves in June were
collected on DOY 173. Values shown are the mean £ 1 SE. Asterisks indicate significant
differences among burn treatments within sampling date. Alpha = 0.05.
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Figure 3.4 Leaf %N, N content, and photosynthetic N use efficiency (PNUE) for C.
drummondii throughout the growing season. A) %N from homogenized leaf samples from
each shrub. B) Leaf N content (g m2) calculated from %N and mean leaf area of the
homogenized leaf samples. C) Photosynthetic N use efficiency calculated as Amax/ leaf N
content. Leaves in June were collected on DOY 173. Values shown are the mean £ 1 SE.
Asterisks indicate significant differences among burn treatments within sampling date.
Alpha = 0.05.
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Figure 3.5 Leaf traits for C. drummondii throughout the growing season. Measurements
were taken on 8 leaves per shrub and averaged before analysis. A) Leaf dry mass per unit
area (LMA). B) Leaf dry matter content (LDMC). Values shown are the mean + 1 SE.

Asterisks indicate significant differences among burn treatments within sampling date.
Alpha = 0.05.
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Chapter 4 - Conclusion

Woody encroachment in grasslands is a global phenomenon widespread in North
America, South America, Africa, and Australia (Briggs et al. 2005; Van Auken 2009, Eldridge et
al. 2011). Woody expansion into open grasslands has resulted in a loss of biodiversity (Ratajczak
et al. 2012), alterations in ecosystem C and N storage (Hughes et al. 2006; McKinley & Blair
2008; Barger et al. 2011), and loss of forage for livestock (Anadon et al. 2014). Woody species
are often suppressed in grasslands due to frequent disturbance and the establishment and
expansion of woody species is often attributed to human altered drivers such as reduced fire
frequency and increased grazing intensity (Briggs et al. 2005; Van Auken 2009).

In the tallgrass prairie of North America, the prevention of transition from grassland to
woodland is often attributed to frequent fires (Daubenmire 1968; Briggs et al. 2005). However,
once established, clonal woody species are able to resprout and thrive under infrequent fire
regimes (< 4-year fire frequency). Cornus drummondii is the most dominant woody species
encroaching in the Flint Hills of eastern Kansas, USA. C. drummondii contributes to a major loss
of tallgrass prairie through the formation of distinct shrub islands that limit light availability and
nearly eliminate all open grassland herbaceous species from under the canopy (Lett & Knapp
2003). This thesis aimed to understand the demographic and physiological mechanisms
contributing to increased C. drummondii cover in tallgrass prairie.

In chapter 2, | quantified intra-clonal ramet growth rate, reproduction, and demography
of C. drummondii in response to fire frequency, grazing, and simulated browsing. We used
shrubs located within 3 experimental watersheds which included 4 and 20-year burn frequencies
without bison present and a 2-year burn frequency with bison present. Half of the shrubs in the 4

and 20-year burn frequencies were subject to simulated browsing. Summer 2018 was one of the
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driest on record for Konza Prairie Biological Station. Extreme drought resulted in low ramet
growth rates in all treatments. Ramets in the grazed area had the highest growth rates likely due
to reduced grass biomass increasing shrub competitive ability for resources. Ramets growth rates
did not differ among browsed and control shrubs in either burn treatment. Additionally, browsed
and control shrubs did not differ in ramet natality suggesting browsed shrubs may be investing in
new stems over ramet growth. However, more data is needed to understand resource allocation in
response to browsing and variation in response to precipitation. Browsing nearly eliminated
sexual reproduction and browsed shrubs had significantly lower ramet densities than control
shrubs. These results highlight the effects of browsing are strongest in conjunction with fire and
suggest drought may be an effective time to control for woody species as shrubs are not investing
in growth and have limited sexual reproduction.

In chapter 3, | examined C. drummondii leaf level physiology across the growing season
in response to fire. | compared shrubs burned in 2017 to shrubs burned in 2018. | measured leaf
level gas exchange (Amax, E, gs), intrinsic WUE, 8*3C, and various leaf traits (RWC, LMA,
LDMC) to assess differences between resprouts and shrubs 1-year post-fire. Leaf physiology
remained relatively stable across the growing season even during drought. Little variation in leaf
physiology emphasizes the importance of the deep root systems providing a consistent water
source to buffer shrubs from environmental variability (Nippert et al. 2013). In response to fire,
resprouts had higher photosynthetic and transpiration rates and photosynthetic nitrogen use
efficiency across the growing season. Higher transpiration rates in resprouts resulted in reduced
intrinsic water use efficiency at the beginning of the season. Differences between burn year
treatments for all measurements decreased across the growing season. These results correspond

with differences in leaf structure between burn year treatments. Resprouts had lower LMA with
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higher %N compared to shrubs burned in 2017. LMA is typically negatively correlated with
photosynthetic rate, leaf N concentration, protein content, and PNUE (Poorter et al. 2009). These
data indicate C. drummondii changes leaf structure in response to fire in order to maximize C
gain to accelerate growth.

The shifts in ecosystem structure and function caused by woody expansion has
contributed to a major loss of tallgrass prairie (Ratajczak et al. 2016). Understanding the
demographic and physiological mechanisms in response to disturbance is essential for predicting
woody cover in the future. This research contributed to a demographic and physiological
understanding of the mechanisms that contribute to the increased cover of C. drummondii in

tallgrass prairie.
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