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Abstract

This thesis explores the effects of ecological memory on plants responses to subsequent
stressors, specifically focusing on the physiological and biochemical responses of Andropogon
gerardii (big bluestem) to grazing pressures. By examining the concept of ecological memory, this
research highlights how past environmental stressors, such as grazing, influence future plant
responses. Utilizing a multifaceted approach that spans predictive modeling, physiological
assessments, and biochemical analyses, this study rigorously tests the hypothesis that the legacy
effects of grazing, embodied in ecological memory, profoundly impact 4. gerardii's physiological

fabric and biochemical mechanisms.

Structured into three chapters, the thesis first explores the biochemical and physiological
foundations of stress responses, investigating the role of flavonoids and phenolic compounds in
mediating 4. gerardii's response to simulated grazing stress (Chapter 2). It then examines how
these biochemical responses underpin post-defoliation growth and biomass allocation, revealing
the echoes of ecological memory in plant growth patterns and resource allocation strategies

(Chapter 3).

Our findings reveal that ecological memory influences 4. gerardii's response to simulated
grazing, manifesting in nuanced physiological adaptations. Despite initial hypotheses, the
interaction between plant memory and clipping treatments showed a complex effect on chlorophyll
content and photosynthetic rates, with plants exhibiting a history of grazing demonstrating
enhanced photosynthetic performance post-defoliation. Interestingly, the study underscores the
significant role of flavonoids in mediating physiological responses to stress, independent of

ecological memory. These secondary metabolites were pivotal in optimizing photosynthetic



efficiency and gas exchange, contributing to the plant's defensive responses and recovery post-
clipping.

Furthermore, the research delves into biomass allocation strategies in response to
defoliation, revealing that early-season biomass removal does not significantly affect end-of-
season growth traits across plants with and without grazing memory. However, a notable finding
was the consistent influence of relative growth rates (RGR) during early and late growth stages on
end-of-season biomass, underscoring the inherent growth dynamics as a critical determinant of

plant vigor.

Contrary to the anticipated benefits of grazing memory on growth enhancement, the study
suggests that A. gerardii's immediate physiological responses to defoliation play a more pivotal
role than previously hypothesized. While grazing memory appears to confer some degree of
adaptive advantage, it does not significantly modulate the correlation between RGR and end-of-

season biomass attributes, indicating that innate growth responses are paramount.

In conclusion, this thesis illuminates the complexity of ecological memory and its impact
on the physiological and growth responses of A. gerardii to grazing. The findings highlight the
crucial role of secondary metabolites, particularly flavonoids, in mediating plant responses to
stress and suggest that managing the timing and intensity of defoliation may be more effective than

leveraging ecological memory in grassland management practices.
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Chapter 1: Introduction

‘Ecological memory’ (Ogle et al., 2015), sometimes referred to as ‘the history or legacy
effects of environmental stressors’ (Cuddington, 2011; Kannenberg et al., 2020) encompasses the
mechanisms through which past environmental conditions and organismal experiences influence
future responses and adaptations of ecosystems and individual species (Canarini et al., 2021). For
ease of reference throughout this study, these concepts will be collectively termed as 'memory.' It
is an evolving concept within the field of ecology, providing a framework for understanding how
historical interactions with the environment, such as grazing, can prime an organism or ecosystem
to respond to similar future stresses in a more robust manner (Conrath et al., 2006; Hilker et al.,
2016). This memory encompasses an array of adaptive physiological and biochemical responses
that prime the plant to cope more effectively with subsequent herbivores and grazing pressures
(Galviz et al., 2022; Garai & Sopory, 2023; Hilker et al., 2016). These responses encompass a
range of adaptations, including phenotypic plasticity, epigenetic alterations, and variations in gene
expression (Hilker et al., 2016). Additionally, there's a noted plasticity in the synthesis and
accumulation of secondary metabolites (Metlen et al., 2009), alongside adjustments in the
metabolisms of abscisic acid and jasmonic acid, which contribute to the strengthening of stomatal
closure and plant defense mechanisms (Qu et al., 2022). This type of memory has been observed
to last for various durations in plants, ranging from hours to days in species such as Arabidopsis
thaliana, which exhibited an increase in the transcript levels of genes induced by drought
conditions (Ding et al., 2012). Nykinen & Koricheva (2004) demonstrated that trees can retain a

memory of past stress for several months to increase their defenses against herbivores.



In grassland ecosystems, grazing is not only a common disturbance but also a fundamental
ecological process that shapes species composition (Fahnestock & Knapp, 1994; Vinton et al.,
1993), community structure (Eom et al., 2001; Milchunas et al., 1988), and ecosystem function (Li
et al.,, 2018; Teague & Kreuter, 2020). The interplay between grass species, including big
bluestem, and their grazers has been the subject of extensive research, and the effects of grazing
on various aspects of grass physiology, community composition, and ecosystem processes have
been documented in numerous studies (Vinton & Hartnett, 1992; Woodis & Jackson, 2008).
However, these effects of grazing are not isolated events; they create a cascade of ecological
consequences that ultimately shape the adaptive responses of grassland species (de Vries et al.,
2019; Ren et al., 2017). In the quintessential tallgrass prairie ecosystem, Andropogon gerardii (big
bluestem) stands as a prime example of a species molded by the evolutionary pressures of grazing.
The ecological memory that arises from such interactions is postulated to significantly impact
physiological and biochemical responses (Alves de Freitas Guedes et al., 2019; Wang et al., 2022),
leading to variations in biomass, growth rate, and primary productivity (Briggs et al., 1994; Cass
et al., 2015; Ogle et al., 2015). These parameters are not just reflective of a plant's immediate
survival and fitness but are also indicative of its long-term competitive stance within the ecosystem
(Alward & Joern, 1993; Oesterheld & McNaughton, 1991). Thus, the legacy of grazing is
embedded within the very fabric of grassland ecology, influencing the resilience and adaptability
of species like big bluestem over successive generations (Ogle et al., 2015; Qu et al., 2022).

While this thesis delves into the concept of ecological memory in the context of grazing, it
is built upon the foundational work of several key studies that have explored the multifaceted

nature of grazing effects on big bluestem. Notable among these is the work by Vinton & Hartnett,



(1992), which examines the interactions between grazers and compensatory growth of big
bluestem.

In addition, the studies of over-grazing induced memory on grass species including seminal
works by Oesterheld & McNaughton, (1991); Quet al., (2022); Ren et al., (2017, 2018); and Wang
et al., (2022), employed transcriptomic analyses to identify the most sensitive and conservative
mechanisms, examining pathways such as carbohydrate metabolism, photosynthesis, and
secondary metabolite production via the propanoid pathway. Further studies (Bazzaz et al., 1987;
Canarini et al., 2021; Cass et al., 2015; Hilker et al., 2016; Palazzi et al., 2014) have enhanced our
understanding of the growth and defense responses to grazing and defoliation. They all have
collectively advanced our understanding of grazing and ecological memory, particularly induced-
grazing memory. The insights from these studies serve as the intellectual groundwork for this
thesis, providing a framework for investigating the lasting impacts of grazing on the physiological
and ecological dynamics of C4 grass species, 4. gerardii. Such insights encompass the long-term
consequences of intense grazing, which include an upsurge in photosynthetic rates, and the
stimulation of phenylpropanoid, enriched carbohydrate, and secondary metabolic pathways.

The overarching objective of this thesis is to rigorously test the hypothesis that the legacy
effects of grazing (referred to memory in this study) impart a long-lasting influence on the plant's
physiology and biochemical fabric of A. gerardii, shaping its growth rates, biomass accumulation,
photosynthetic efficiency, and the production of defense-induced compounds including phenolic
compounds. The plant's responses to grazing are not merely immediate reactions but are part of a
continuum shaped by past experiences (Ogle et al., 2015; Qu et al., 2022). This ecological memory

might confer an advantage in the competitive prairie ecosystem, allowing A. gerardii to anticipate



and mitigate the impacts of grazing (Agrawal, 2000; Alward & Joern, 1993; Oesterheld &
McNaughton, 1991).
To interrogate this hypothesis, the thesis is structured into two thematic chapters, each

addressing a core aspect of the plant's response to grazing:

The Biochemical Foundations of Stress Response

Chapter 2 investigates the influence of ecological memory on the physiological and
biochemical responses of Andropogon gerardii under simulated grazing stress through clipping,
with an acute focus on total phenols, flavonoids, and phenylalanine ammonia-lyase (PAL) activity.
This chapter is particularly concentrated on flavonoids and their role as potential mediators of
photosynthesis after defoliation. Acknowledged for their ability to regulate stomatal conductance
and modulate light signaling pathways (Brunetti et al., 2019; Gai et al., 2020), and provide
antioxidant benefits (Agati et al., 2012; Pourcel et al., 2007), flavonoids are hypothesized to
enhance photosynthetic efficiency in response to stress. Key indicators, including the maximum
electron transport rate (ETRm), stomatal conductance (gs), intercellular CO, concentration (C;),
and the overall rate of photosynthesis (Anet), serve as metrics to gauge the enhancement in
photosynthetic performance, a critical factor in the plant's recovery and energy reallocation post
biomass loss (Busch et al., 2024; Knapp, 1993; Mantlana et al., 2009).

The research explores whether a history of grazing (memory) intensifies flavonoid
synthesis, thereby influencing the plant's compensatory capabilities following defoliation. This
aspect is pivotal to understanding how A. gerardii might leverage flavonoids to amplify
photosynthetic output and hasten recovery from grazing-induced stress. The findings from this

study could reveal coping mechanisms that enable 4. gerardii to thrive amidst the repetitive stress



of grazing, offering insights into the resilience mechanisms of grassland species and informing

sustainable grassland management practices.

Post-Defoliation Growth and Biomass Allocation—Echoes of Ecological Memory

Chapter 3, the concluding experimental chapter, focuses on how memory of previous
grazing influences growth responses and biomass distribution in 4. gerardii. By comparing the
growth patterns and resource allocation strategies of plants with and without a grazing history, this
chapter explores the hypothesis that ecological memory facilitates adaptive growth and resilience,
thus affecting the plant's ability to compensate for biomass loss due to grazing.

In conclusion, this thesis endeavors to provide a comprehensive evaluation of the legacy
effects of grazing on A. gerardii, including physiological and biochemical analyses, shedding light
on the mechanisms of ecological memory and their implications for grassland management and
conservation. This study offers novel insights into the dynamics of grassland ecosystems,
highlighting the role of historical grazing and plant memory in shaping future ecosystem resilience
and productivity. This work underscores the importance of interdisciplinary approaches in
addressing ecological questions, paving the way for informed conservation and management

practices that support the health and sustainability of grassland ecosystems.
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Chapter 2: Flavonoids-Mediated Stress Responses in Andropogon
gerardii: Decoupling Biochemical Adaptations from Ecological

Memory in Response to Clipping Stress

Abstract

This chapter explores the biochemical and physiological adaptations of Andropogon
gerardii using simulated grazing stress to study the effect of ecological memory, focusing on the
decoupling of flavonoid-mediated stress responses from ecological memory. The study was
conducted in a greenhouse environment replicating natural conditions of the Konza Prairie. The
physiological and biochemical responses of 4. gerardii, a dominant species in North American
tallgrass prairies, was assessed through the lens of photosynthetic efficiency, secondary metabolite
production, and enzyme activity. The central biochemical markers analyzed included total
phenolic compounds, flavonoids, and phenylalanine ammonia-lyase (PAL) activity, all critical to
the plant's defensive strategy and stress tolerance. The investigation revealed that while ecological
memory plays a role in the plant's response to the history of grazing, flavonoids levels significantly
impact photosynthesis and gas exchange, with their concentration increasing in response to
clipping stress and correlating positively with photosynthetic performance. Notably, this adaptive
response was not solely reliant on ecological memory, as flavonoids independently enhanced the
plant's recovery mechanisms. These findings suggest a complex interaction between
environmental history, biochemical pathways, and current stressors that contribute to 4. gerardii's
responses. By highlighting the nuanced role of flavonoids and challenging the presumed

dominance of ecological memory in stress response, this chapter expands our understanding of



plant adaptability and suggests new avenues for research into the mechanisms of plant-

environment interactions.

Introduction

Grassland ecosystems, pivotal to global biodiversity, endure numerous environmental
stressors that shape their flora's physiological and biochemical landscape (Brown & Stuth, 1993;
Brunsell et al., 2017; Ren et al., 2017, 2018), with grazing notably influencing the traits and
competitive interactions of species such as Andropogon gerardii (Diaz et al., 2007; Fahnestock &
Knapp, 1994). This dominant species in North American tallgrass prairies demonstrates
remarkable resilience, shaped by both its ecological interactions, such as preferential grazing by
bison, and its capacity for compensation following defoliation (Lima et al., 2020; Vinton &
Hartnett, 1992, 1992; Woodis & Jackson, 2008). These adaptive responses not only affect
individual species but also drive community dynamics within these ecosystems (Knapp et al.,
1999).

Photosynthesis and gas exchange, fundamental to plant vitality and growth, are profoundly
influenced by environmental factors such as grazing (Parsons et al., 1983; Pfanz et al., 2007). In
response to the reduction of photosynthetic tissues from grazing, plants engage in a delicate
balance of compensatory mechanisms (Anten et al., 2003; Figueroa-Macias et al., 2021). These
mechanisms aim to reallocate nutrients towards either regrowth or defense, with the production of
secondary metabolites being a key strategy in this adaptive response (Abegaz & Kinfe, 2019;
Albrecht & Argueso, 2017).

Our investigation centers on the measurement of key biochemical markers that are integral

to plant physiological adaptation and defense: total phenolic compounds, flavonoids, and

2



phenylalanine ammonia-lyase (PAL) activity. These markers are vital in a plant's defense
mechanisms and stress responses (Barros & Dixon, 2020; Chen et al., 2017). Phenolic compounds
and flavonoids, in particular, are known for their robust antioxidant properties, which arm the plant
against oxidative stress, a frequent outcome of environmental stresses (Barros & Dixon, 2020;
Chen et al., 2017). Their capacity to scavenge reactive oxygen species (ROS) is a cornerstone of
the plant's defensive strategy, mitigating damage and preserving cellular integrity (Chalker-Scott
& Fuchigami, 2018; Harborne, 1989).

Beyond defense, flavonoids are deeply involved in the regulation of growth and
development, owing to their dual role as antioxidants and signaling molecules (Erb & Kliebenstein,
2020). Their spectrum of physiological functions is broad, extending from providing a
photoprotection barrier (Close & McArthur, 2002; Pourcel et al., 2007) to modulating auxin
transport and acting as an endogenous growth regulator, as observed in the Arabidopsis thaliana
chalcone synthase mutant (Brown et al., 2001). Notably, diminished flavonoids’ levels have been
linked to an accumulation of ROS, particularly in guard cells, leading to phenotypes that exhibit
accelerated abscisic acid—induced stomatal closure and altered gas exchange (Watkins et al., 2014).
Additionally, a correlation has been observed between lower flavonoid concentrations and
inhibited root growth (Brown et al., 2001), highlighting their significance beyond mere stress
response to fundamental aspects of plant development. While the majority of existing literature
highlights the role of phenolic compounds in safeguarding against photodamage, some of the
studies suggest alternative functions, including their capacity to act as carbon sinks, which
effectively act to absorb excess photosynthetic carbon (Close & McArthur, 2002; Waterman et al.,

1984).



PAL is essential in the phenylpropanoid pathway (Dixon et al., 2002), catalyzing the
synthesis of phenolic compounds, including flavonoids, and linking primary to secondary
metabolism in response to stress (Pourcel et al., 2007; Yadav et al., 2020). Decreased PAL activity
results in lower biomass and reduced root growth, making plants more susceptible and less resilient
(Cass et al., 2015b). Furthermore, PAL activity is crucial for secondary metabolite production in
plants under long-term grazing stress, with previous stress exposure enhancing PAL's response to
intensive grazing (Ren et al., 2017; Yadav et al., 2020).

Central to the understanding of these adaptive strategies is the concept of ecological
memory (Canarini et al., 2021; Zhang et al., 2023), which allows plants to utilize past
environmental experiences to inform current and future responses to similar stressors (Hilker et
al., 2016; Kafle & Wurst, 2019). This memory manifests both genetically (Chen et al., 2014; Dang
et al., 2021; Ren et al., 2018; Wang et al., 2022) and as acquired physiological adjustments (Ren
et al., 2017; West-Eberhard, 2008), enabling species like A. gerardii to optimize defense pathways
and resource allocation in anticipation of recurring stress events such as grazing (Bazzaz et al.,
1987; Siemens et al., 2010). Thus, the interplay between the immediate physiological impacts of
grazing and the more temporally extended influence of ecological memory provides a
comprehensive framework for understanding plant responses and adaptation in dynamic grassland
environments (Avramova, 2019; Hilker et al., 2016).

Collectively, these biochemical markers can affect plant growth (Erb, 2018; Erb &
Kliebenstein, 2020) and resilience (Rama & Vinutha, 2019), potentially by reinforcing the effects
of ecological memory (Sharma et al., 2022), enhancing stress tolerance, and facilitating recovery
from damage (Abegaz & Kinfe, 2019; Divekar et al., 2022). Given this intricate relationship

between these factors, this study aims to elucidate the role of secondary metabolite production in



response to simulated grazing in A. gerardii. Specifically, we seek to dissect the role of ecological
memory in enhancing the plant's physiological performance and response to stress and examine
how photosynthetic parameters and the production of secondary metabolites contribute to A.
gerardii's adaptive strategies. Based on these objectives, we propose the following hypotheses:

H1. Ecological memory of grazing positively influences plant physiological performance
under similar subsequent stress, clipping, suggesting that previous grazing experiences enhance 4.
gerardii's adaptive capabilities.

H2. The synthesis of phenolic compounds (including flavonoids) and increased PAL
enzyme activity are significantly affected by ecological memory and will impact plant responses
toward the end of the growing season, highlighting the importance of these secondary metabolites
and PAL activity in physiological stress responses modulated by ecological memory.

H3. Ecological memory and secondary metabolite production are hypothesized to be
pivotal in shaping plants responses, compensation, and recovery mechanisms in 4. gerardii in
response to environmental stress, with historical stress exposure fundamentally determining the
plant's adaptive capacity.

This research aims to explore the intricate role of secondary metabolite production in A.
gerardii in response to simulated grazing, with a particular focus on the contributions of ecological

memory.



Methods

Site Description

Research was conducted in spring and summer 2023 by transferring plant rhizomes with
early grown leaves from the Konza Prairie to the greenhouse space. The Konza Prairie Biological
Station (KPBS), a 3,487-ha native C4 grassland in northeastern Kansas, USA (39°05° N, 96°35°W)
is located in the tallgrass prairie within the Flint Hills, one of the largest continuous stretches of

unplowed prairies remaining in North America.

Plant Materials and Treatments

For this investigation, two watersheds, NO1A and NO1B, were selected, both of which are
subject to the same fire regime (annual burning) and bison grazing treatment. Rhizome collection
occurred within similar upland topographic regions of both watersheds. Established in 1988, four
exclosures, with a total area of 50 m? each, in the upland areas of each watershed (Hartnett, 2023),
amounting to eight in total, facilitated a controlled sampling approach. The vegetation within these
exclosures remained ungrazed by bison, effectively representing plants devoid of grazing-induced
ecological memory. Conversely, to sample plants with a history of grazing, four additional regions
in the uplands of each watershed were identified, totaling eight across both watersheds. From each
of the 16 total regions representing both types of ecological memory, a minimum of two plants
were carefully transplanted to the greenhouse. There, a clipping experiment simulated heavy
grazing pressure. The experiment featured two treatments: clipped (G) and unclipped/control (C),
with one plant from each region assigned to each treatment. This resulted in four distinct groups
with eight biological replicates per group, delineating the effects of past field grazing memory and

current clipping treatments as follows:



1. No grazing-induced ecological memory (M-)/clipped (G): M-/G

2. With grazing-induced ecological memory (M+)/clipped (G): M+/G

3. No grazing-induced ecological memory /control (C): M-/C

4. With grazing-induced ecological memory (M+)/control (C): M+/C

As such, treatment groups will be designated using more simplified abbreviations: M-G,

M+G, M-C, and M+C. 'Ecological memory' will also be referred to more succinctly as 'memory’'.

Clipping treatments and measurements

The research was conducted in the greenhouse facilities of the Department of Agronomy
at Kansas State University, located in Manhattan, KS, USA. Following collection, the rhizomes
were planted in containers measuring 24 cm diameter and 23 cm height, filled with a uniform
mixture of greenhouse and Konza Prairie soil, to maintain consistent soil conditions and control
for environmental variability (Ren et al., 2018; Wang et al., 2022). The greenhouse conditions
included maintaining temperatures between 24°C to 32°C during the day and 15°C to 24°C at
night. Humidity levels were kept between 50% to 70%. Adequate natural light exposure was
ensured to provide full sunlight conditions. Air circulation was maintained using fans, and
watering was performed as needed to maintain consistent soil moisture without waterlogging.
After an acclimatization period of one month, a simulation of heavy grazing was implemented
through a clipping process, where 70% of the plant aboveground biomass were removed on a
height basis to mimic grazing pressure, as described by Alber et al. (2014). The height of each
plant was measured prior to each clipping, and 70% of the measured height was removed by
clipping to mimic heavy grazing pressure in the greenhouse. This process was carried out twice,

in mid-June and mid-July.



Before and after the clipping events, we collected data on plant physiology including
photosynthetic rates, Rapid Light Curves (RLCs), and chlorophyll content using nondestructive
methods. Please refer to their specific section in the methods of chapter two for more details. For
the analysis of biochemical markers, total phenols, flavonoids, and PAL activity, sampling was
conducted at three intervals during each clipping event for the M-G and M+G groups: immediately
before (before), immediately after (after), and 8 hours post-clipping (8 hours). Within this chapter,
these sampling times are collectively termed 'timing' and encompass three levels as mentioned.
Samples were also collected from the control groups (M-C and M+C) once in June and July,
coinciding with the sampling times of the clipped plants. Unlike the clipped groups, which were
sampled thrice to coincide with the clipping events, the unclipped control plants were sampled
only once due to the absence of clipping treatment at each clipping event. Further sampling
occurred in early August and September across all groups to monitor marker variability across the
growing season. All collected samples were instantly flash-frozen in liquid nitrogen and

subsequently stored at -80°C in the laboratory's ultra-low temperature freezer.

Photosynthetic measurements

Net photosynthetic rates were measured from late June to mid-September using a LI-COR
6400XT infrared gas analyzer (LI-COR Inc., Lincoln, NE, USA). Reference CO> concentration
was set to 400 pmol mol-1, PAR was set to 2000 pmol m2 s, and relative humidity was
maintained between 50-65% during measurements to approximate ambient conditions at this site.
Measurements were taken between the hours of 9:30 and 12:00 on clear, sunny days.

Instantaneous water-use efficiency (iWUE) was calculated using the net photosynthetic



rate (Anet) and stomatal conductance (gs) in a given formula (Farquhar et al., 1989):
Anet/ gs
For the variables related to photosynthesis and measured by Licor 6400 (Anet, gs,
transpiration (E), intercellular concentration of COz (c;), and iWUE), there is a missing data for
plants with the memory (M+) that underwent clipping treatment (G) (group M+G) on 16 July right

before applying the second round of clipping (Figure 1).

Rapid Light Curves

Using Photosynthesis Yield Analyzer MINI-PAM (Walz GmbH, Effeltrich, Germany),
data on photosynthetic performance of plants were collected throughout the project in 7 courses
starting from Mid-June 23 (after applying the first clipping treatment) to Mid Sep 23. Data were
exported from WinControl into Sigmaplot 2001 (v7.0, SPSS Inc.). Rapid Light Curves (RLCs)
were measured using actinic light incremented in nine steps from 0 to 1354 with a prescribe
duration of 10 sec. Overall, RLCs took 90 s (Ralph & Gademann, 2005) and spanned a range of

1400 umol photon m2 s,

RLC:s fitting

To conduct a quantitative comparison of RLCs, we employed a methodological approach
grounded in the foundational work of Platt et al., (1980), which has been further elaborated upon
by Ralph & Gademann, (2005). The Platt formulation offers a robust description of the
photosynthetic response as a function of varying light intensities, encapsulating both the initial
light response curve and the photoinhibitory phase at elevated irradiance levels (Platt et al., 1980;

Ralph & Gademann, 2005).



For automated RLC analysis, the ‘ssplatt.my’ function from the 'platt' package in
R has been developed by SWotherspoon and is publicly accessible via the GitHub repository. This
code was further modified by Ricardo, (2020/2021). In this study, in transitioning from R to
Python, we adapted the code to employ the curve fit function from the scipy.optimize library to
fit RLCs (Gommers et al., 2022; Miiller-Bravo et al., 2022).

The analytical workflow commenced with the computation of relative Electron Transport
Rate (rETR) by integrating the effective quantum yield of Photosystem II (YII) with
Photosynthetically Active Radiation (PAR), where ETR represents an estimation of the electron
flow through the photosynthetic electron transport chain as posited by Beer et al., (1998).

The empirical data were mathematically modeled to a double exponential decay function,
as originally described by Platt et al., (1980), utilizing the Marquardt-Levenberg regression
algorithm. The key equations central to this analysis were:

rETRmax = Ps(a/[a + B])(B/[a + B])P/®
Ek = ETRmax/a

The curve-fitting process was finalized by first establishing initial parameter values.
Subsequent application of nonlinear models facilitated the extraction of a comprehensive set of
RLCs’ parameters, which included the initial slope (a), the photoinhibitory coefficient (p), the
onset of light saturation (Ek), the maximum electron transport rate (Em), and the maximal relative
electron transport rate (ETRm). Although all derived RLC parameters were extracted, only ETRm,
a, and Ek are included as the primary parameters of interest to describe photosynthetic capacity of

leaves in this chapter.
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Chlorophyll Content using SPAD meter.

Chlorophyll (chl) content was quantified utilizing a SPAD 502 meter. To ensure
consistency across all treatments and groups, measurements were uniformly taken on the half part
of the leaves. The results have been expressed as the SPAD index (Cotrozzi et al., 2020; Shibaeva

et al., 2020).

Total Phenolic Compounds, Flavonoids Concentration, and PAL activity

Total phenolic content was determined using the procedures described by Singleton et al.,
1999 with modifications (Juan & Chou, 2010). An aliquot of 0.1 mL plant extracts or standard
(gallic acid (Sigma-Aldrich Co., St. Louis, MO, USA)) was mixed with 0.1 mL FolineCiocalteau
phenol reagent 10% v/v (Sigma-Aldrich Co., St. Louis, MO, USA) and allowed to react for 5 min.
Then 800 ul of 7% (w/v) Na,COs (Sigma-Aldrich Co., St. Louis, MO, USA) was added and
allowed to react for 90 min at room temperature. The concentrations employed for the standard
solution ranged from 0 to 125 nmol/mL of solvent, with intervals of 25 nmol/mL. Absorbance was
measured at 725 nm using a microplate reader (SPECTRAmax 190 Microplate Spectrophotometer,
Molecular Devices Co., Sunnyvale, CA, USA). The results were expressed as mmol gallic acid/g
fresh weight of tissues.

Total flavonoids were extracted and determined using the method described by Zhishen
et al., 1999 by modifications (Juan & Chou, 2010). 250 pl of standard (quercetin (Sigma-Aldrich
Co., St. Louis, MO, USA) (Jain et al., 2021; Sulastri et al., 2018)) or plant leaf extracts obtained
using 90% methanol (50 mg of fresh weight) was added to 1.25 ml deionized water and then was

11



mixed with 75 pl of 5% (w/v) NaNO> (Sigma-Aldrich Co., St. Louis, MO, USA). After standing
for 6 min, this mixture was combined with 10% (w/v) AICl3 (150 pl) (Sigma-Aldrich Co., St.
Louis, MO, USA). Then 500 ul of 1 N NaOH (Sigma-Aldrich Co., St. Louis, MO, USA) and 275
ul of deionized water was added to the mixture. The tubes were kept at room temperature and in
the dark for 5 min before reading the absorbance. The concentrations used for the standard were
0, 100, 200, 400, 600, 800, and 1000 pg quercetin/ml of solvent. Absorbance was recorded using
a microplate reader (SPECTRAmax 190 Microplate Spectrophotometer, Molecular Devices Co.,
Sunnyvale, CA, USA) at 510 nm. The concentration of flavonoids was reported as mmol quercetin/
g FW tissues.

The activity of PAL, which catalyzes the conversion of L-phenylalanine to trans-cinnamic
acid and ammonia (Barros & Dixon, 2020), was quantified by monitoring the increase in optical
density (OD) at 290 nm, using a PAL assay kit (Catalogue E-BC-K522-S, Elabscience
Biotechnology Co. Ltd, China) (Wang et al., 2022).

To analyze the data related to these biochemical markers, initially, we investigated the
influence of timing, memory, and date on phenols, flavonoids, and PAL activity focusing
exclusively on plants subjected to clipping treatments (G), both with (M+) and without (M-) prior
grazing memory. For a detailed explanation of timing and its corresponding intervals, please refer
to the “clipping treatments and measurements” from methods section of this chapter.

Subsequently, we assessed the monthly fluctuations of PAL, phenols, and flavonoid
concentrations for July, August, and September (Figure 2.5). The three-way ANOVA incorporated
memory, treatments, and date as predictors, with July data derived from samples collected before

applying the simulated heavy grazing pressure, denoted as "before" in this study.
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Statistical methods

To model RLCs, the curve fit function from the scipy.optimize module was employed
(Virtanen et al., 2020), which is part of the SciPy library, a Python-based ecosystem of open-source
software for mathematics, science, and engineering (Oliphant, 2007).

Each step of our data preprocessing, assumption checks, statistical analysis, and machine
learning techniques was thoroughly documented within our Python scripts and Jupyter notebooks.
We chose Visual Studio Code (VSCode) as our primary integrated development environment
(IDE) (Speight, 2021). statsmodels was applied for the ANOVA, Tukey's HSD test, and multiple
regression analysis (OLS) (Seabold & Perktold, 2010). pandas and numpy were used for data
manipulation, handling, and transformation (Harris et al., 2020; McKinney, 2010). Matplotlib
(Hunter, 2007) and seaborn (Lemenkova, 2020; Waskom, 2021) were utilized for data
visualization. All necessary assumptions for the valid application of ANOVA, post-hoc Tukey's
HSD test, and regression analyses were thoroughly examined, such as normality, independence,
homoscedasticity, and multicollinearity (by examining the Variance Inflation Factor (VIF)), using
appropriate tests and diagnostic plots.

Due to unmet linear regression assumptions and ineffective data transformations, a
generalized linear model (GLM) was employed to analyze the relationship between PAL activity

and ETRm.

Results

Photosynthesis: Statistical analysis revealed that the date of measurement had a highly

significant effect on the rate of photosynthesis (p<0.001). Additionally, there were significant
13



interaction effects between memory condition and date (p = 0.0162), and between treatment
condition and date (p= 0.0000115) on photosynthesis rates. The three-way interaction between
memory condition, treatment condition, and date also showed a potential significance (p= 0.0247).
There were significant effects of memory condition alone (p=0.0014), but no significant effect of
clipping treatment alone (p> 0.05) on the rate of photosynthesis.

As showed in Figure 2.1.A, after the first round of clipping in June, Anet was lower in plants
lacking the memory of previous grazing events (M-G) which displays the negative effect of the
absence of memory on the rate of photosynthesis.

In the first interval between the first clipping in June and second clipping in July, plants in
all groups reduced the rate of photosynthesis, and plants lacking the memory in control treatment
performed better significantly (p= 0.0014). In the second interval, after the second round of
clipping, all plants in 4 different groups increase Ane regardless of clipping treatment. However,
our analysis shows that plants with the memory of previous grazing events perform better while
they started flowering. Also, they all decreased Anet by the end of the season in Sep (Figure 2.1.A).

Stomatal conductance (gs): The most significant factors affecting gs are the date of
measurement (p= 2.97E-26) and the interaction between memory and date (p= 4.47x10 ~%). Both
these finding reflect the effect of the date we applied the clipping treatments which resulted in
photosynthetic tissue loss. The clipping treatment alone (G vs C) (p > 0.05), memory alone (p=
8.03E-02), and the other interaction terms are not statistically significant in influencing gs (Table
2.1, Figure 2.1.B).

Transpiration rate (E): The date of measurement is the most significant factor (p=9.44E-
54). There are also significant interaction effects between memory and date reflecting the effect of

memory at different clipping time (p=1.64E-02), as well as between treatment condition and date
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(p=6.80E-04). However, the memory condition alone, clipping treatment alone, and the three-way
interaction did not significantly affect transpiration rate. Overall, transpiration decreases in all
plants regardless of their memory and clipping treatment, indicating non-significant effect of the
interaction of memory and treatment (p>0.05) (Figure 2.1.C).

iWUE: The date of measurement shows a highly significant effect (p=9.17E-23), and there
are significant interaction effects between memory and date (p=4.37E-05) and between treatment
condition and date (p= 5.45E-04). However, the memory alone (p= 2.80E-01), treatment alone
(p>0.05), and the three-way interaction between memory, treatment, and date (p= 8.64E-01) did
not significantly affect iWUE. After the first clipping treatment, plants with no memory have the
lowest iWUE (group: M-G, Figure 2.1, D), and plants without the memory (regardless of the
clipping treatment) have higher iWUE (M-G and M-C, Figure 2.1, D).

Ci: For C;, both the memory alone (p= 1.34E-03) and the date of measurement (p= 1.16E-
26) are highly significant factors. There were also significant interaction effects between memory
and date (p= 4.37E-05), or between treatment condition and date (p= 8.10E-17). The treatment
condition alone and the three-way interaction between memory, treatment, and date had no
significant effect on C; (Table 2.1). After applying the first clipping, C; increased in clipping plants
compared to control and plants without the memory has a higher level of C; (Figure 2.1.E). Plants
in M-G had the highest C; after the first clipping in June and by the end of the season, C; dropped
in them. However, this decreased at the end of the season in not significant indicating that plants

regardless of the treatment and memory status decrease C; by the end of the growing season.

RLCs
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ETRm: Memory and treatments were not significant predictors (p values >0.05). The
interaction between memory and treatment was significant (p= 1.85E-02). Date was an important
predictor for ETRm (p= 1.04E-16) (Figure 2.C). Similarly, the interaction between memory and
date (p= 2.36E-03) and treatment and date (p= 3.61E-02) were also significant. The three-way
interaction of them is not significant (p= 2.59E-01) (Table 2.2, and Figure 2.2.C).

For Alpha, the initial slope of the RLCs, date had a significant effect (p=5.18E-07), but
none of the other main effects were significant at the 0.05 level, and the interaction terms did not
reach conventional levels of significance (Table 2.2, and Figure 2.2.A).

Lastly, for EKk, date again was a highly significant predictor (p= 9.14E-12), while both
memory (p=3.03E-01) and clipping treatments (p= 1.08E-01) were not significant. However, the
interaction between memory and date (p= 2.52E-02) and treatment and date (p= 2.03E-02) were

significant (Table 2.2 and Figure 2.2.B).

Chl using SPAD-502

Three-way ANOVA revealed that memory had no significant effect on chl (p= 0.28).
Different clipping treatments (clipped (G) vs control (C)) did not have significant effects on chl
either. However, date was highly significant (p < 0.001). The interactions of date and memory (p
< 0.001), date and treatment (p= 0.003) were significant as well. However, the interaction of
memory and treatment was not significant (p= 0.196), indicating that there was no interaction
effect between memory and treatment on Chl content, contrary to our initial hypothesis (Table 2.3

and Figure 2.3).
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Total Phenols, Flavonoids, and PAL activity

Phenols-June: As two-way ANOVA revealed (Table 2.4), phenols were not affected by
memory or timing after applying the first round of clipping in June. However, their interaction was
significant (0.005). Plants with the memory (M+) had lower amount of phenols especially 8 hours
after clipping. While plants without memory (M-), in fact, increased the amount of phenols within
8 hours after clipping in June, but this change was not significant (p value > 0.05) (Table 2.4,
Figure 2.4).

Flavonoids- June: ‘Timing’ had a highly significant effect on flavonoid levels in June (p=

0.0002). Memory of previous grazing did not significantly affect flavonoid levels (p=0.97). Also,
there was no significant interaction effect of timing and memory (p= 0.82). We found that there
was a significant change in flavonoids in M- plants between before and right after clipping (p=
0.027). This trend was visible in M+ too; however, that enhancement was not significant in M+
plants (p value= 0.1). Also, within 8 hours, they reduced flavonoids. This change in both group
was not significant (p value for M+ 0.25 and for M- 0.109) (Table 2.4, Figure 2.4).

PAL-June: ‘Timing’ (p = 0.15) did not have a significant effect on PAL activity in June.
Although, ‘memory’ of previous grazing had a highly significant effect. Plants with memory of
previous grazing (M+) affected PAL activity significantly (p= 0.0003). Also, there was a
significant interaction between ‘timing’ and ‘memory’ (p= 0.002) in June. Plants with memory
(M+) had a higher PAL activity especially within 8 hours after clipping from 30 to 50 U/g tissues
(p= 0.0009) and this was significantly higher than PAL activity in plants without the memory at

the same level of timing (8 hours) (p value> 0.0001) (Table 2.4, Figure 2.4).
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Phenols-July: After second round of clipping in July, the main effect of timing (p= 0.008)
had a significant effect on phenol levels. Memory still did not have a significant effect on the
amount of phenols (p=0.47), and there was no significant effect of the interactions of the two main
predictors (p= 0.79). Also, the amount of phenols in July (before clipping) was less than amount
of phenols produced in June (Table 2.4, Figure 2.4). Plants reduced their phenols between the two
clipping treatments in June and July by 50%. After applying the second round of clipping, both
memory groups of plants increased their phenols significantly and reduced them within 8 hours
and there were no significant differences between the mean of phenols within 8 hours after clipping
in 2 different memory statuses (Table 2.4).

Flavonoids-July: Similar to June, timing had a highly significant effect on flavonoid levels

in July (p= 0.00014). Memory did not significantly affect flavonoid levels (p= 0.11). There was
no significant interaction between the two factors of timing and memory (p= 0.97) on flavonoids
in July. Flavonoids showed the same trend as phenols after the second round of clipping. The
increase in flavonoids right after the clipping was significantly different from the level of
flavonoids before clipping for plants without the memory (p value 0.029) (Table 2.4, Figure 2.4).

PAL-July: The effect of timing was highly significant (p= 1.04E-09). Memory and the
interaction of memory and timing were not significant. Both groups of plants with and without
memory significantly decreased PAL activity within 8 hours after clipping (p >0.0001). However,
the differences between the means in PAL activity after 8 hours was not significant in plants with

and without memory (p value 0.87) (Table 2.4, Figure 2.4).

Monthly changes in biochemcial markers
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The statistical analysis revealed significant main effects of treatment and date on all three
biochemical markers (Table 2.5), with p-values well below the 0.05 threshold. Notably, clipping
treatments’ impacts (G vs C) on flavonoids and phenols were extremely pronounced (p-values of
4.29E-18 and 4.15E-10, respectively). Date effects also produced very low p-values for all
compounds.

Contradicting our initial hypothesis, memory did not exhibit a significant impact on any
individual biochemical markers, as reflected by p-values exceeding 0.05 (Table 2.5). Additionally,
interactions between memory and clipping treatments were non-significant with p-values above

0.05 for all compounds (Table 2.5 and Figure 2.5).

The interactions among physiological and biochemical features

ETRm and Phenols: Linear regression Model’s adjusted R? displayed a moderately
significant relationship (adjusted R2= 0.53) (Figure 2.6.C, Table 2.9). Contrary to our hypothesis,
memory and treatments did not exert significant effects within the model (p values of 0.98, 0.066,
respectively), indicating a lack of support for our initial hypothesis. However, the interactions
between memory and treatments played a significant role (p= 0.022), negatively affecting ETRm
with a coefficient of -13.25, meaning that in plants lacking memory when subjected to clipping
treatment (M-G), there is a 13.25 unit decrease in ETRm. Date played a pivotal role, particularly
in September and June (p values> 0.0001) (Figure 2.6.C, Table 2.9). More importantly, our results
confirmed the hypothesis, demonstrating that the concentrations of phenolic compounds in leaves

significantly increase ETRm (p= 0.029) (Figure 2.6.C, , Table 2.9). Every unit increase in the
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concentration of phenolic compounds in leaves is associated with an increase of 10.301 units in
ETRm (Figure 2.6.C).

ETRm and Flavonoids: The adjusted R? value in the model is 0.53. The effect of
flavonoids on ETRm was statistically significant (p=0.03, coefficient=19.36) (Figure 2.6.B, Table
2.8). This finding corroborates our hypothesis that flavonoid concentration has a positive
association with ETRm, where an increase in flavonoids corresponds to an increase of 19.36 units
in ETRm, supporting the predicted relationship within our theoretical framework. Memory (p=
0.068) and treatment (p= 0.054) had no significant effect contrary to our hypothesis that memory
will affect the response. However, the interaction between them (p= 0.031) was significant and
was associated with 12.36 unit decrease in ETRm in plants lacking memory and undergone
clipping treatments (M-G) (Figure 2.6.B, , Table 2.8).

ETRm and PAL activity: The GLM regression analysis highlighted the significant
influences of the interaction between memory and clipping treatments (p= 0.026) on ETRm. PAL
activity had a significant effect (p= 0.034). Individual predictors including memory, clipping
treatments, and PAL activity level showed less definitive impacts (0.66 and 0.41, respectively)
contrary to our hypothesis (Figure 2.6.A, , Table 2.7).

Rate of Photosynthesis and PAL activity: The adjusted R? value of 0.547 suggests a
strong fit of the model to the data (Figure 2.7.A, Table 2.10). The effect of memory approaches
significance (p= 0.065), suggesting a potential decrease (-1.96) in Anet associated with the lack of
memory in plants, albeit not conclusively. Clipping treatment was associated with a positive effect
on Anet (1.892), but this effect is marginally significant (p= 0.076). The combined influence of
memory and clipping treatments on Ay is significantly negative (p= 0.001), meaning that plants

lacking a 'memory' of past grazing events exhibit a decrease in Anet by approximately 5.06 units

20



following a clipping treatment. The PAL was not statistically significant (p= 0.544) (Figure 2.7.A,
Table 2.10). Contrary to the hypothesis, PAL activity does not significantly influence Anet when
controlling for other variables in the model.

Rate of Photosynthesis and Total Phenols: An adjusted R? of 0.546 indicated a strong fit
while accounting for the number of predictors (Figure 7.C, Table 2.12). The model shows a
negative trend (-2.001) with borderline significance (p= 0.067), hinting at a potential decrease in
Anet associated with the absence of memory of previous grazing exposure in plants. Clipping
treatment presents a positive but not statistically significant effect (1.83, p=0.139). The interaction
of memory and treatment is significantly negative (coefficient= -5.1002, p= 0.001), indicating a
significantly decrease in Ape in plants without memory when they are clipped (M-G). The
inclusion of total amount of phenols did not show a statistically significant effect on Ane (-0.04,
p=0.974), suggesting that within this model's context, phenol does not significantly influence Anet
contrary to our hypothesis (Figure 2.7.C, Table 2.12).

Rate of Photosynthesis and Flavonoids: Adjusted R? of the model is 0.56. The absence
of memory showed a negative effect (-1.89) with non-significant p value (p= 0.070), hinting at a
possible decrease in Ane. Clipping treatments significantly and positively affected Anet (p=0.007).
3.45 unit increase in Anet Was associated with clipping treatments. Flavonoids showed a significant
positive impact on Ay (coefficient=5.08, p = 0.029) (Figure 2.7.B, Table 2.11), aligning with our
hypothesis regarding the beneficial effects of flavonoids on plants’ photosynthetic performance.

Rate of Photosynthesis and ETRm: The adjusted R? of 0.548 suggested a good fit (Figure
2.7.D, Table 2.13). The absence of memory showed a negative effect on Ane, but it was not
significant (p= 0.067). Clipping treatment had a positive effect, suggesting a beneficial impact on

Anet. However, this effect is significant (p = 0.093). The interaction of memory and clipping
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treatments was significantly negative (coefficient= -4.89, p = 0.002), highlighting a specific
combined effect of clipping in plants with no memory (M-G) decreased Anet. ETRm had a small
positive effect on Ayt (coefficient of 0.0195), but it was not statistically significant (p= 0.414)
(Figure 2.7.D, Table 2.13), suggesting that within this model, ETRm did not have a clear influence
on Anet contrary to our hypothesis.

Ci and Flavonoids: The adjusted R? of 0.47 suggested a good fit. The regression model
suggested that there is no significant effects of memory and clipping treatments and the interaction
of them in the level of C; (0.96, 0.47, and 0.35, respectively); however, the level of flavonoids
notably influenced C; (p= 0.015) (Figure 2.8.A, Table 2.15). The concentration of flavonoids was
associated with a decrease of 52.52 in C;.

PAL and Stomatal Conductance: The model demonstrated a strong explanatory power
with an adjusted R? value of 0.70 (Figure 2.8.B, Table 2.14). All predictors’ effects were
significant including memory, clipping treatments, date, and PAL activity with p values of 0.011,
0.004, 0.0001, and 0.024, respectively. Memory significantly negatively affected gs (coefficient=
-0.0254), indicating a decrease in gs associated with the absence of memory. Clipping treatment
was associated with an increase of 0.029 in gs. The model indicated that higher PAL activity levels
are associated with a decrease of 0.076 in gs (p= 0.024). The interaction of memory and treatment

was not significant (p= 0.400) (Figure 2.8.A, Table 2.14).

Discussion

Chlorophyll, Stomatal Conductance, Transpiration Rate, and iWUE: Contrary to
initial hypotheses, the interaction of plant memory and clipping treatments did not significantly
affect chlorophyll content as measured by SPAD-502, suggesting that chl concentration, a proxy
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for photosynthetic potential, remains stable across different memory and stress conditions (Li et
al., 2015; Lynham et al., 2021) (Table 2.3, Figure 2.3). However, temporal factors, including
seasonal changes and plant developmental stages, play a critical role resulting in lower level of chl
in plants lacking memory exposed to clipping treatment (M-G) which is in line with the findings
of Lynham et al., 2021. Notably, plants lacking prior stress memory displayed lower efficiency
post-clipping across transpiration rate and iWUE (Tabel 2.1) (Ashraf & Harris, 2013; Ren et al.,
2018).

Photosynthetic Rate: In this study, plants with a history of grazing had a greater
photosynthetic rate following clipping treatments (M+G) (Tabel 2.1 and Figure 2.1), suggesting
an inherent plasticity which is in line with the findings of Ren et al., 2018. Such an inherent
plasticity may involve physiological priming (Hilker et al., 2016), can include secondary
metabolite production such as flavonoids allowing these plants to maintain or quickly regain
photosynthetic capacity post-disturbance (Wang et al., 2022).

Ci and Flavonoids: Among photosynthetic parameters, the higher C; that was observed in
big bluestem without prior stress memory upon clipping (M-G), especially in June, may suggest
that these plants are responding to the sudden stress of clipping by increasing their stomatal
opening to absorb more CO> (Busch et al., 2024) (Figure 2.1.B). This might be an attempt to
maximize carbon gain early in the growing season to recover from the loss of photosynthetic
tissues due to clipping (Karabourniotis et al., 2014; Zhang et al., 2020) (Figure 2.1.E). It is an
immediate compensatory mechanism, possibly driven by the need to sustain rapid growth, tissue
regeneration, and development during this critical period (Agrawal, 2000; Alward & Joern, 1993),
particularly in conditions where light and temperature are optimal for growth, which is later

modulated by the accumulation of flavonoids (Figure 2.5.B). As the season progresses towards its
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end, there is a natural decline in C; with no significant effects of treatment and/or memory (Table
2.1), which aligns with the general decrease in photosynthetic activity commonly associated with
plant senescence (Figure 2.1.E) (Chieppa et al., 2021; Sarath et al., 2014).

Concurrently, flavonoid levels were observed to be higher early in the season and decline
towards the end (Figure 2.5.B). The absence of effects from plant memory and treatment on
flavonoids’ levels (Table 2.5) suggests that their production is primarily driven by developmental
cues and seasonal rhythms rather than by stress history or current stress treatments (Erb &
Kliebenstein, 2020; Titov et al., 2006) (as indicated by the p value well below 0.05 for the effect
of date). More importantly, the significant negative impact of flavonoids on C; across all treatments
and memory conditions (Figure 2.8.B) could imply a regulatory role for these compounds in fine-
tuning photosynthetic activity (McGinn & Morel, 2008). While it has been observed that lower
flavonoids levels are associated with increased stomatal closure due to ROS accumulation in guard
cells (Watkins et al., 2014), our findings reflect the multifaceted nature of flavonoids. They may
be part of a broader spectrum of stress responses that not only include photoprotection and
antioxidant defense (Elin Novia Sembiring et al., 2018; Titov et al., 2006) but also involve the
modulation of enzyme activities and hormonal pathways, such as abscisic acid (ABA) (Bright et
al., 2006), influencing stomatal function and thus impacting photosynthetic gas exchange. This is
supported by Gai et al., (2020), who found that plants under drought stress increase flavonoid
production in response to exogenous ABA application, leading to further stomatal closure.
Additionally, the increased production of flavonols triggered by ABA suggests an interaction
between ABA and light signaling pathways (Brunetti et al., 2019), highlighting flavonoids' crucial

role in protecting the photosynthetic machinery (Erb, 2018; Pourcel et al., 2007).
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Investigating the activity of carbonic anhydrases, enzymes that catalyze the interconversion
of CO» and bicarbonate and thus directly influence C; levels (by reducing C;), may be worthwhile.
Although it has been discovered that phenols, including flavonoids, act as competitive inhibitors
for the CO; binding sites of carbonic anhydrases (Gulcin & Beydemir, 2013). Consequently,
increased production of flavonoids could lead to lower carbonic anhydrase activity.

Rate of Photosynthesis and Flavonoids: Our study revealed that flavonoids exert a
significant positive impact on the Anet (Figure 2.7.B), particularly in plants that undergo clipping
without a history of grazing (M-G). This suggests that flavonoids play a key role in mitigating the
impact of stress on photosynthesis, more so than the total phenolic compounds (Figure 2.7.C). The
enhanced performance of flavonoid-rich plants post-clipping aligns with the observation that
plants lacking prior stress memory displayed lower efficiency post-clipping (Avramova, 2019; Ren
et al., 2018; Wang et al., 2022). The photosynthetic machinery itself might be adjusted in plants
with stress memory to either protect the plant during stress or recover more rapidly afterward
(Galviz et al., 2022; Thellier, 2017). Plants without this adjustment might take longer to return to
optimal photosynthetic efficiency post-clipping (Ziist & Agrawal, 2017). Phenolic compounds and
flavonoids are known to enhance the efficiency of the photosynthetic machinery, possibly by
protecting against photodamage or oxidative stress, thus improving the photosynthetic rate and
ETRm (Close & McArthur, 2002).

The evidence corroborates our second hypothesis, which posited that the production of
flavonoids would bolster photosynthesis and gas exchange in response to stress, thus promoting
growth and stress tolerance independently of ecological memory, the evidence strongly
corroborates this assumption. Flavonoids significantly enhanced Ane, particularly in plants

subjected to clipping without prior exposure to grazing (M-G). This underscores the pivotal role
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of flavonoids in counteracting stress effects on the rate of photosynthesis, more so than total

phenolic compounds.

ETRm, Flavonoids, and Total Phenols: The ETRm was generally low in the first clipping
interval and higher between Mid-July and mid-August possibly reflecting a time-dependent
adaptation, where the plant adjusts its photosynthetic machinery in anticipation of or in response
to current stresses (Table 2.2 and Figure 2.2.C). Interestingly, the levels of phenolic compounds
and flavonoids, which were highest in August and/or July and decreased in September (Figure
2.5.C & B), positively affected ETRm (Figure 6. B & C). In the regression models assessing their
impacts on ETRm, while total phenolic compounds and flavonoids both exerted a positive effect,
flavonoids, as a specific subgroup of phenolics, demonstrated a more pronounced enhancement of
ETRm. Total phenolic compounds led to a 10 unit increase in ETRm, with flavonoids alone
contributing to a larger 19 unit rise. This differential effect underscores the particular efficacy of
flavonoids in augmenting ETRm. Notably, both phenolic compounds and flavonoids appear to
mitigate the negative impact on ETRm caused by the interaction of the lack of stress memory and
the act of clipping. This indicates that the presence of these compounds can alleviate some of the
detrimental effects that arise from the absence of an adaptive stress response in plants subjected to
clipping treatments. Such a finding reinforces the potential role of these secondary metabolites in
bolstering plant tolerance against mechanical stressors, facilitating recovery and maintaining
photosynthetic efficiency in challenging conditions. The subsequent decline in ETRm in
September aligns with the onset of senescence and a natural reduction in photosynthetic demands

(Hensel et al., 1993; Sarath et al., 2014) and is of a function of the interaction of clipping treatment
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and memory where plants lacking previous exposure grazing (M-) significantly reduced their
ETRm when subjected to clipping treatments (G) (M-G) (Tabel 2.2).

In examining the effects of flavonoids on 4. gerardii in response to clipping, our analysis
focused on key indicators of plant photosynthetic performance such as Ci, Anet, and ETRm. We
found these compounds to significantly contribute to the plant's ability to compensate for stress
and recover efficiently (Figures 2.6.B & 2.7.B). Supporting the third hypothesis, our results
showed that flavonoids help mitigate stress impacts by optimizing gas exchange, significant
reduction of C; and enhancing photosynthetic efficiency, crucial for the plant's rapid recovery post-
clipping. However, there was no significant effect of memory in isolation in the model.

PAL Activity and Stomatal Conductance: PAL is a crucial enzyme in plant defense and
secondary metabolism well known to increase the production of phenolic compounds including
flavonoids and lignin (Ren & Sun, 2014; Wang et al., 2022). The higher activity of PAL has been
linked to improved plant responses to various stresses (Wang et al., 2022). Interestingly, we found
that PAL activity has a positive yet non-significant effect on the production of phenols and
flavonoids in A. gerardii when they are subjected to clipping following exposure to prior grazing
pressure (Tabel 2.6). Furthermore, the lack of significant effects from plant memory and clipping
treatments in isolation on the monthly changes in PAL activity, as shown in Table 2.5, implies that
the enzyme's activity is mainly driven by inherent seasonal developmental processes and enhanced
plant defense perhaps through antioxidant activity (Ren & Sun, 2014) and is less affected by
previous grazing incidents or recent clipping stress, even though there are studies demonstrating
that the memory of intense grazing can stimulate PAL activity (Wang et al., 2022).

As thoroughly documented in the literature, in Cs plants like big bluestem, gs is closely

linked to photosynthetic efficiency and water use (Lambers & Oliveira, 2019). Thus, seasonal
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decrease in gs shown in Figure 2.1.B, despite the absence of water deficit in this experiment,
coincides with slower plant growth and a shift towards energy saving before dormancy
(Cornelissen & Fernandes, 2001; Reich, 2014).

Moreover, the observed increase in PAL activity throughout the season indicates a strategic
realignment in the plant's priorities, shifting from a focus on growth and leaf area expansion to
enhance photosynthesis and compensate for tissue loss, as discussed in this chapter and supported
by Alward & Joern, (1993); Pfanz et al., (2007); and Ziist & Agrawal (2017), towards emphasizing
defense (Albrecht & Argueso, 2017; Yadav et al., 2020) and reallocating resources as the season
moves towards senescence (Bazzaz et al., 1987). This shift also aligns with the findings of Cass et
al., (2015), who demonstrated a clear association between reduced PAL activity and decreased
root growth.

Furthermore, increased PAL activity may suggest a distinct signaling pathway,
independent of phenolic compounds, that limits stomatal opening and thus reduces gs. As
previously mentioned, the levels of flavonoids and phenols decrease towards the season's end
(Figure 2.5.B & C), yet in this study, they showed a weak positive correlation with PAL (Tabel
2.6). This supports the idea that the elevated PAL activity observed towards the season's end could
be linked to some roles of PAL in defense mechanisms beyond mere phenylpropanoid
biosynthesis, aiming to redirect resources to rhizomes and support regrowth in the upcoming
growing season. Perennial plants rely on dormancy and the survival of belowground parts like
crowns, rhizomes, and meristems, essential for tiller production, to endure. Thus, preserving
meristem health is crucial for plant survival (Sarath et al., 2014). This finding lends partial support
to the second hypothesis of our study, which proposed an increase in PAL activity throughout the

season; however, this increase was not influenced by the effect of memory. Furthermore,
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consistent with this hypothesis, PAL activity appears to enhance plant performance towards the
end of the growing season (Figure 2.6.A). While the study found no significant effects of plant
memory and treatment in isolation on the monthly changes in PAL activity, the mention of studies
indicating that intense grazing can stimulate PAL activity (Ren et al., 2017, 2018; Wang et al.,
2022) suggests a complex relationship between past stress exposures and PAL activity, which
partially supports our third hypothesis by indicating that ecological memory might influence

metabolic responses, although not as straightforwardly as hypothesized.

Dissecting the Impact: Flavonoids Within Total Phenols - Isolating Their Unique

Contribution to Photosynthetic Efficiency

The observation that flavonoids significantly affect Aner while total phenolic compounds
do not, despite flavonoids being included in the measurement of total phenols, might seem
paradoxical at first. However, this outcome can be explained by several factors related to the
complex roles of different phenolic compounds in plants, the specific actions of flavonoids, and
the measurements used in this study.

Total phenols, which include a variety of compounds besides flavonoids (Harborne, 1989),
can obscure the latter's beneficial effects on photosynthesis, resulting in inconclusive overall
impacts. Flavonoids, however, specifically bolster photosynthesis through protective and light-
enhancing mechanisms (Brunetti et al., 2019; Gai et al., 2020), unlike other phenolic compounds
that may not contribute to or might even impede this process (Treutter, 2006). Furthermore, the
presence of other phenolic compounds could counteract the favorable effects of flavonoids, adding
complexity to their overall influence. Additionally, the efficacy of flavonoids on photosynthesis is
concentration-dependent, which may not be achieved within the mixed context of total phenols,

thus influencing detectable results (Agati et al., 2012; Nakabayashi & Saito, 2015). In essence, the
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pronounced beneficial impact of flavonoids on photosynthesis, as opposed to the ambiguous effect
of total phenols, highlights the intricate interplay of phenolic compounds and underscores the

importance of a focused analysis on their distinct roles in plant biochemistry.

Conclusion

In conclusion, this study has unraveled the complex interplay between ecological memory,
secondary metabolite production, and photosynthetic responses in Andropogon gerardii under
simulated grazing conditions. By analyzing photosynthetic performance indicators, levels of
flavonoids and phenolic compounds, and PAL activity, we've deepened our understanding of the
physiological and biochemical adaptations that underpin responses to environmental stress in this
keystone tallgrass prairie species.

Central to our findings is the critical role of flavonoids in enhancing the plant's responses
to clipping treatment (G vs C) regardless of the ecological memory, significantly mitigating the
adverse effects of clipping on photosynthesis and playing a vital role in regulating key
physiological processes like stomatal conductance and carbon assimilation.

Although plants with a grazing history, indicative of ecological memory, demonstrated
certain inherent plasticity, such as potentially enhanced photosynthetic responses to subsequent
stress, the response and recovery mechanisms were profoundly influenced by the presence of
flavonoids. These findings underscore the complexity of response mechanisms, extending beyond
ecological memory to include the timing and context of stress exposure. This refined perspective
suggests that immediate biochemical responses, particularly flavonoid production, alongside the
specific temporal context of stress exposure, are paramount in determining a plant's response and

its ability to recover from stress.
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Moving forward, future research endeavors could delve into the intricate molecular
crosstalk between ABA and flavonoids, unraveling how these interactions influence plant response
and stress recovery mechanisms. This line of investigation may reveal how flavonoids affect ABA
signaling pathways, which play a critical role in stomatal closure and other stress responses.
Moreover, examining the interplay between flavonoids and carbonic anhydrases could provide
valuable insights into their combined effect on stomatal conductance and photosynthesis.
Uncovering the nuances of this relationship could identify new strategies to optimize water use
efficiency and carbon assimilation, further enhancing plant response. Such studies promise not
only to enrich our understanding of plant physiological processes but also to offer practical
applications for ecosystem management, particularly in the context of climate change and its
impact on grassland ecosystems. This chapter lays the groundwork for such investigations,
highlighting the importance of flavonoids in the adaptive strategies of A. gerardii and inviting a

deeper exploration of their role within the broader framework of plant-environment interactions.
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Figure 2. 1- Temporal trends of various physiological parameters (Mean + standard error). (A)
Photosynthesis rate (Anet) (umol CO> m2 s7), (B) Conductance to H>O (mol H2O m? s7!), (C)
Transpiration rate (E) (mmol H,O m s!), (D) Intercellular CO» concentration (umol CO, mol-
1, and (E) Instantaneous water-use efficiency (iIWUE, umol CO, mmol™! H,0). The different
line colors represent separate treatment groups: M+C (blue), M-C (green), M+G (orange), and
M-G (red). Vertical dashed lines indicate specific dates of interest: deep pink dashed lines mark
the dates of clipping treatments, while dashed lines in the same color as the treatment groups
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denote flowering dates for each group. Some data points are absent from these plots due to

equipment malfunctions that occurred at a specific time.
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Figure 2. 2- Temporal trends of various photosynthetic parameters derived from RLCs (Mean
+standard error). (A) Alpha, the initial slope of the RLCs, (B) Ek, (C) Maximum Electron

Transport Rate (ETRm) (a.u). The different line colors represent separate treatment groups: M+C
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(blue), M-C (green), M+G (orange), and M-G (red). Vertical dashed lines indicate specific dates
of interest: deep pink dashed lines mark the dates of clipping treatments, while dashed lines in
the same color as the treatment groups denote flowering dates for each group.
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Figure 2. 3- Temporal trends of Chl (SPAD index) (Mean tstandard error). The different line
colors represent separate treatment groups: M+C (blue), M-C (green), M+G (orange), and M-G
(red). Vertical dashed lines indicate specific dates of interest: deep pink dashed lines mark the
dates of clipping treatments, while dashed lines in the same color as the treatment groups denote
flowering dates for each group.
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Figure 2. 4- Impact of Clipping Treatment on Biochemical Responses in Andropogon gerardii
over time. This figure displays the changes in Total Phenolic Compounds, Flavonoids, and PAL
Activity for the months of June and July, at three different timings: before (pre-clipping), after,
and 8 hours post-clipping treatment. The bars represent the mean values, and the error bars indicate
the standard errors for each group. The data are categorized by 'Memory' with two levels: M+
(with memory of previous grazing) and M- (without memory), depicted in blue and orange,
respectively. Letters, positioned above the bars, denote statistical differences as determined by
Tukey's honest significance test.
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concentration is tracked over the same period, reflecting changes. C) Total phenolic compounds
over time. Different colors correspond to distinct treatment and memory groups.
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Figure 2. 6- Relationship Between ETRm and Biochemical Markers in the Context of Grazing
Memory and Treatment Across Different Dates in Andropogon gerardii. Panel A presents a
Generalized Linear Model (GLM) illustrating the relationship between PAL activity (U g!
Tissues) and Electron Transport Rate (ETRm) with a Pseudo R-squared of 0.56 and a p-value of
0.034 for PAL activity. Panels B and C depict Linear Regression models showing the relationship
of Total Flavonoids (mmol g'! FW) and Total Phenolic Compounds (mmol g! FW) with ETRm,
respectively, both with an Adjusted R-squared value of 0.53. Flavonoids exhibit a p-value of 0.029
and Phenolics a p-value of 0.0294. The models include the effects of memory, clipping treatments,
and their interaction, as well as the date of measurements. Data points are differentiated by shape
and color to represent various memory and treatment groups and different months, respectively,
and the solid lines indicate the model's fitted values, with shaded areas showing the confidence
intervals. The model formula used is ETRm ~ [biochemical markers] + memory * treatment +
date, highlighting the combined effects of biochemical markers and the interaction between plant
memory and clipping treatment over time.

52



- N N w w
()] o [$)] o (&2}

Photosynthetic rate (umol CO2 m-2 s-1)

-
o

- N N w w
(3] o ()] o (3]

Photosynthetic rate (umol CO2 m-2 s-1)

-
o

AAdj. R-squared: 0.55
p-value (PAL): 5.44e-g

BAdj. R-squared: 0.56
gp-value (Plavonoids): 2.86e-02

® *®

o o @

>
LN BN

om> o

0.9 1.0 1.1 1.2 1.3 1.4 1.5
PAL activity (U g-1 Tissues)

0.2 0.4 0.6 0.8
Total Flavonoids (mmol g-1 FW)

1.0

CAdj. R-squared: 0.55
p-value (pheng)): 9.Me-01

L %4 ® a0 ° 0 A,

DAdj. R-squared: 0.55
p-value (ETRm): 4.14e-01 ® 6
7

0.0 0.5 1.0 1.5 20
Total Phenolic Compounds (mmol g-1 FW)

40 60 80 100 120

ETRm (a.u.)

140

Groups:

June

Figure 2. 7- Linear Regression Analysis of Photosynthetic Rate Influenced by Biochemical
Markers or ETRm in 4. gerardii Accounting for Grazing Memory, Clipping Treatments, and Date.
A) PAL activity vs. Photosynthetic Rate: Adjusted R? = 0.55, p (PAL) = 5.44e-01. B) Total
Flavonoids vs. Photosynthetic Rate: Adjusted R? = 0.56, p (Flavonoids) = 2.66e-02. C) Total
Phenolic Compounds vs. Photosynthetic Rate: Adjusted R? = 0.55, p (Phenolics) = 9.9¢-01. D)
ETRm vs. Photosynthetic Rate: Adjusted R?=0.55, p(ETRm) = 1.41e-01. The model formula used
iS Anet ~ [biochemical marker/ETRm] + memory * treatment + date, highlighting the combined
effects of biochemical markers/ETRm and the interaction between plant memory and clipping
treatment over time. Data points are differentiated by shape and color to represent different months
and various memory and treatment groups, respectively, and the solid lines indicate the model's
fitted values, with shaded areas showing the confidence intervals.
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Figure 2. 8- Relationships between Stomatal Conductance, Intercellular CO> Concentration, and
Biochemical Markers in A. gerardii Accounting for Grazing Memory, Treatment, and Date. Panel
A: The relationship between PAL activity (U g™ Tissues) and stomatal conductance to H>O (mol
H>O m™ s!), with an Adjusted R-squared of 0.70 and p-value for PAL of 2.35e-02. Panel B: The
relationship between flavonoid concentration (mmol g! FW) and intercellular CO, concentration
(umol CO, mol™!), with an Adjusted R-squared of 0.47 and p-value for flavonoids of 1.54e-02.
Both models incorporate the interaction of memory and treatment with the date as covariates. Data
points are color-coded by months and shaped to represent different memory and treatment
conditions, with gray areas showing confidence intervals. The model formula used is Ci or gs ~
[biochemical markers] + memory * treatment + date, highlighting the combined effects of
biochemical markers and the interaction between plant memory and clipping treatment over time.
Data points are differentiated by shape to represent different months and by color to indicate
various treatment groups, with solid lines depicting the model's fitted values and shaded areas
representing the confidence intervals.

Table 2. 1- Results of Three-Way ANOVA for the Main Effects of Memory, Treatment, and
Date and Their Interactions on Gas Exchange Measurements (Significance Level: p < 0.05)

Predictors Anet gs E iWUE Ci

Memory 1.40E-03 * 8.03E-02 1.60E-01 2.80E-01 1.34E-03 *
Treatment 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Date 1.31E-Q9 *** 2.97E-26 *** 9.44E-54 *** 9.17E-23 *** 1.16E-26 ***
Memory: Treatment 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Memory: Date 1.62E-02 * 4.47E-03 ** 1.64E-02 * 2.51E-08 *** 4.37E-05 **
Treatment: Date 1.1SE-Q5 *** 6.77E-02 6.80E-04 ** 5.45E-04 ** 8.10E-17 ***
Memory: Treatment: Date 2.47E-02 * 5.72E-02 6.75E-01 8.64E-01 8.82E-02

p <0.001: *** p<0.01: ** p <0.05: * No stars indicate p > 0.05 (not significant)
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Table 2. 2- Results of Three-Way ANOVA for Main Effects and Interactions of Memory,
Treatment, and Date on RLCs derived variables Including ETRm, Alpha, and Ek (Significance

Level: p <0.05)

Predictors ETRm alpha Ek
Memory 5.96E-01 4.24E-01 3.03E-01
Treatment 2.36E-01 5.44E-01 1.08E-01
Date 1.04E-16 *** 5.18E-07* 9.14E-12%**
Memory: Treatment 1.85E-02* 2.75E-01 5.09E-02
Memory: Date 2.36E-03** 1.19E-01 2.52E-02*
Treatment: Date 3.61E-02* 5.30E-01 2.03E-02*
Memory: Treatment: Date 2.59E-01 3.78E-01 1.87E-01

p <0.001: *** p<0.01: ** p <0.05: *, No stars indicate p > 0.05 (not significant)

Table 2. 3- Results of Three-Way ANOVA for Main Effects and Interactions of Memory,
Treatment, and Date on Chl (Significance Level: p < 0.05)

Predictors

P value

Date

3.66E-45%**

Memory

0.028%*

Treatment

1.00E+00

Date: Memory

2.73E-Q9***

Date: Treatment

7.37E-Q5%**

Memory: Treatment

0.196

Date: Memory: Treatment

0.027 *

p <0.001: *** p<0.01: ** p <0.05: * No stars indicate p > 0.05 (not significant)

Table 2. 4- Results of Two-Way ANOVA for Main Effects and Interactions of Memory and
Timing on Phenol and Flavonoids content and PAL activity (Significance Level: p < 0.05).

response variables factors PR(>F)
Phenol, June C(timing) 0.69
C(memory) 0.13
C(timing):C(memory) 0.005%*
Flavonoid, June C(timing) 0.0002%***
C(memory) 0.97
C(timing):C(memory) 0.82
PAL, June C(timing) 0.151
C(memory) 0.0003%*%*
C(timing):C(memory) 0.002%*
Phenol, July C(timing) 0.008**
C(memory) 0.47
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C(timing):C(memory) 0.78

Flavonoid, July C(timing) 0.00014%**
C(memory) 0.11

C(timing):C(memory) 0.96

PAL, July C(timing) 1.04E-09%**
C(memory) 9.08E-01

C(timing):C(memory) 5.69E-02

p <0.001: *** p<0.01: ** p <0.05: * No stars indicate p > 0.05 (not significant)

Table 2. 5- Results of Three-Way ANOVA for Main Effects and Interactions of Memory,
Treatment, and Date on Phenol and Flavonoids content and PAL activity (Significance Level: p

<0.05)

Predictors PAL Flavonoids Phenol

Memory 5.77E-01 4.71E-01 4.19E-02
Treatment 5.26E-02 4.29E-18 4.15E-10
Date 3.41E-18 4.82E-19 1.47E-21
Memory: Treatment 5.21E-01 6.22E-01 2.43E-01
Memory: Date 4.65E-02 3.57E-01 7.70E-01
Treatment: Date 2.78E-02%* 4.01E-09 3.03E-05
Memory: Treatment: Date 1.10E-01 5.58E-01 6.65E-02

p <0.001: *** p<0.01: ** p <0.05: * No stars indicate p > 0.05 (not significant)

Table 2. 6- Relationship between PAL activity and the production of Phenolic compounds and
Flavonoids. Regression Models’ formula: [biochemical markers (Phenols/Flavonoids)] ~ PAL +
memory * treatment + date (Aug as the reference)

Predictors Cocefficient Phenolics p value Phenolics Coecfficient flavonoids p value flavonoids
Memory -0.1875 0.017* -0.0175 0.672

Treatment -0.5032 0.000%*** -0.3117 0.000%**

Date [July] -0.1437 0.072 -0.2095 0.000%**

Date [June] -0.4531 0.000%*%* -0.1767 0.000%**

Date [September] -0.9752 0.000%** -0.4751 0.000***
Memory: Treatment 0.2243 0.043* 0.0741 0.206

PAL 0.177 0.512 0.1223 0.393

p <0.001: *** p<0.01: ** p <0.05: * No stars indicate p > 0.05 (not significant)
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Table 2. 7- Relationship between PAL activity and ETRm.

Predictors Coefficient P value
Memory -1.7544 0.66
Treatment 3.2508 0.414
Date [July] -4.7399 0.238
Date [June] -27.521 0
Date [September] -32.3861 0
Memory: Treatment -12.6585 0.026
PAL -0.2212 0.034

Table 2. 8- Relationship between Flavonoids and ETRm.

Predictors Coefficient P value
Memory -1.6456 0.68
Treatment 9.4397 0.054
Date [July] 0.5972 0.893
Date [June] -24.6592 0
Date [September] -30.3528 0
Memory: Treatment -12.3593 0.031
Flavonoids 19.359 0.03

Table 2. 9- Relationship between Phenolic compounds and ETRm.

Predictors Coefficient P value
Memory -0.0588 0.989
Treatment 8.5804 0.066
Date [July] -2.0105 0.62
Date [June] -23.4077 0
Date [September] -29.4166 0
Memory: Treatment -13.2479 0.022
Phenols 10.3009 0.029

Table 2. 10- Relationship between PAL activity and Anet.

Predictors Coefficient P value
Memory -1.9649 0.065
Treatment 1.892 0.076
Date [July] 4.5583 0
Date [June] 3.6668 0.001
Date [September] -5.8458 0
Memory: Treatment -5.059 0.001
PAL 2.2333 0.544
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Table 2. 11- Relationship between Flavonoids and Anet.

Predictors Coefficient P value
Memory -1.8966 0.07
Treatment 3.4488 0.007
Date [July] 5.5287 0
Date [June] 4.5796 0
Date [September] -3.1672 0.033
Memory: Treatment -5.4716 0
Flavonoids 5.0841 0.029

Table 2. 12- Relationship between Phenolic compounds and Anet.

Predictors Coefficient P value
Memory -2.0008 0.067
Treatment 1.8334 0.139
Date [July] 4.4207 0
Date [June] 3.6688 0.003
Date [September] -5.5192 0.001
Memory: Treatment -5.1002 0.001
phenol -0.04 0.974

Table 2. 13- Relationship between ETRm and Anet.

Predictors Coefficient P value

Memory -1.954 0.067
Treatment 1.7881 0.093
Date [July] 4.4969 0
Date [June] 4.2332 0.001
Date [September] -4.7189 0.001
Memory: Treatment -4.8953 0.002
ETRm 0.0195 0.414

Table 2. 14- Relationship between PAL activity and Stomatal conductance.

Predictors Coefficient P value

Memory -0.0254 0.011
Treatment 0.0286 0.004
Date [July] 0.0758 0
Date [June] 0.0366 0
Date [September] -0.0556 0
Memory: Treatment -0.0116 0.4
PAL -0.076 0.024
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Table 2. 15- Relationship between Flavonoids content and Ci.

Predictors Coefficient P value

Memory -0.5293 0.956
Treatment 8.7197 0.471
Date [July] 10.1901 0.349
Date [June] -25.4175 0.016
Date [September] -80.0173 0
Memory: Treatment 30.9937 0.027
Flavonoids -52.5214 0.015
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Chapter 3: Dynamics of Growth Response and Biomass Allocation
in Andropogon gerardii: Interactions Between Simulated Grazing

and Its Analogous Plant Memory

Abstract
This chapter focuses on the adaptive responses of Andropogon gerardii to simulated

grazing pressures, examining the influence of 'plant memory', the historical record of past grazing,
on growth dynamics and biomass allocation. By employing controlled greenhouse experiments,
we tested the hypothesis that 4. gerardii with a prior history of grazing would exhibit differential
growth responses compared to those lacking such memory, particularly in terms of compensatory
growth mechanisms.

The study was conducted using rhizomes from grazed and ungrazed regions of Konza
Prairie, which were then subjected to simulated grazing treatments in a greenhouse environment.
The experiment focused on the removal of 70% aboveground biomass, emulating heavy grazing
at two key growth stages. Subsequent measurements included leaf area, biomass of various plant
fractions, and relative growth rates (RGR).

Our findings revealed significant main effects of grazing memory and time intervals on
RGR, with a notable decrease in RGR during the transition from early to late growth stages. The
presence of grazing memory was associated with higher RGR during early growth stages,
suggesting that historical exposure to grazing could prime the plants for a more robust recovery
post-defoliation. Additionally, mixed-effect model analyses demonstrated significant impacts of
grazing memory on end-of-season biomass, especially in terms of total leaf area and specific leaf

area (SLA), indicating a nuanced influence of historical grazing on plant growth patterns.
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The results challenge the traditional view that previous grazing invariably enhances plant
growth traits, showing instead that inherent growth rates following defoliation are more predictive
of biomass outcomes than the memory of past grazing events. This suggests that immediate
physiological responses to defoliation play a more decisive role in determining plant vigor than

adaptive responses influenced by past experiences.

Introduction

The interaction between plants and their environment is a cornerstone of ecological
research, with plant responses to biotic stressors such as grazing having profound effects on their
growth dynamics and biomass allocation (Geng et al., 2007; Poorter et al., 2012). Andropogon
gerardii, a dominant C4 species in North American tallgrass prairies, has evolved under periodic
grazing pressures, which has influenced its adaptive strategies, shaping its survival tactics (Knapp
et al., 2012). Reflecting this understanding, the response of plants to defoliation is found to be
highly variable and context-dependent, exhibiting differences not only across species but within a
single species as well. This variability is influenced by a range of factors, including the timing and
frequency of herbivory events and the specific type of tissue that is removed (Brown & Stuth,
1993; Christiansen & Svejcar, 1988; Vinton & Hartnett, 1992).

Contrary to the long-held belief that loss of photosynthetic tissue due to herbivory by larger
grazers invariably reduces plant growth, a perspective supported within the growth-defense trade-
off, where plants are seen to invest in defense often at the expense of growth, an interaction that is
further modulated by environmental conditions (Hilker & Schmiilling, 2019), studies have
highlighted the capacity for compensation. These studies reveal that plants can not only mitigate

the adverse effects of such tissue loss but may also respond with enhanced growth under certain
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conditions (Frank et al., 1998; McNaughton, 1986). Such interactions among plants and herbivores
can sometimes result in defoliated plants producing more biomass than their nondefoliated
counterparts, an outcome known as overcompensatory growth (Zhao et al., 2008). This surprising
positive impact of grazing on plant productivity supports the grazing optimization hypothesis
(Hilbert et al., 1981), which suggests that plants can 'overcompensate' for herbivory under certain
conditions as a function of redistribution of plant hormones that trigger cell division and elongation
and ultimately, increase leaf growth and tillering (Mipam et al., 2019; Siddappaji et al., 2015).
Moreover, Ferraro & Oesterheld, 2002 demonstrated that the impact on biomass production was
more closely related to the timing of the defoliation rather than the grazing event itself.

Grasses possess the remarkable ability to either compensate or overcompensate for
herbivory, mitigating its detrimental effects (Knapp et al., 2012). This resilience, in line with the
grazing optimization hypothesis, can be observed through increased net primary productivity, seed
production, and plant longevity, all of which bolster overall plant fitness (Belsky, 1986). Belsky,
1986 also notes that such adaptive strategies may lead to the evolution of mutually beneficial
relationships between herbivores and plants. In addition, the timing of defoliation and removal of
the specific tissues due to herbivory can enhance these mutualistic interactions between plants and
herbivores (Agrawal, 2000).

Building on the context of compensatory growth in response to grazing, the concept of
'priming' has been extensively investigated as another factor that may influence plant responses to
grazing, potentially leading to an enhanced growth rate (Bandoly et al., 2016; Conrath et al., 2006;
Hilker et al., 2016). Priming is characterized by a plant's exposure to subtle environmental signals
that indicate potential stress, which then prepares the organism to more effectively cope with future

adverse conditions (Hilker & Schmiilling, 2019). This phenomenon enables even species without

62



anervous system (Galviz et al., 2020; Hilker et al., 2016) to adjust their phenotypic stress responses
in anticipation of environmental changes (Avramova, 2019; Garai & Sopory, 2023; Hilker &
Schmiilling, 2019; Sinha, 2023). This adaptive response, manifesting in response to different
stressors and across different organisms, is known across scientific literature by several terms
(Hilker et al., 2016), including 'inducible defenses' (Harvell, 1990). Despite the diverse
nomenclature, these defenses share a common feature: they are activated by an organism's initial
encounter with a stressor and subsequently enhance the organism's resistance to similar future
stresses (Harvell, 1990; Hilker & Schmiilling, 2019; Ren et al., 2017; Sinha, 2023).

As such, in exploring the mechanisms underlying grass responses to grazing, this study
introduces the concept of grazing history, the 'memory' of past grazing events, as a potential factor
influencing grasses' ability to recover and regrow. Simulated grazing, a method to replicate the
effects of herbivory in a controlled setting, provides a unique opportunity to study these strategies
and understand the underlying mechanisms of plant memory and response. This chapter
investigates the dynamics of growth response and biomass allocation in 4. gerardii in response to
simulated grazing and its analogous plant memory. We explore how plants with a history of
grazing respond differently from those without such a memory when subjected to analogous stress.
We hypothesize that this memory may act as an enhancer, augmenting the plant's inherent potential
to compensate for the loss of tissue and to thrive post-herbivory.

Based on the premise of plant memory and response to environmental stress, we propose
the following hypotheses:

H1) A. gerardii with a memory of grazing will exhibit a different growth response to
simulated grazing compared to those without such a memory, potentially showing greater

resilience and compensatory growth mechanisms.
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H2) The total biomass removed during early-season simulated grazing events will have a
significant long-term impact on the end-of-season biomass allocation, with variations observed
between plants with and without grazing memory.

H3) RGR during early and late growth stages will correlate with end-of-season biomass
attributes, with the influence of plant memory modulating this relationship.

These hypotheses will be tested through a series of mixed-effects models, regression
analyses, and ANOVA tests, assessing the interactions between simulated grazing, plant memory,
and various growth and biomass parameters. Eventually, this study seeks to deepen our
understanding of the adaptive significance of plant memory in response to grazing pressures,

which may have implications for ecological management and conservation efforts.

Methods

Transplantation and Treatment of A. gerardii in a Controlled Greenhouse

Environment

A paired sampling strategy was employed to assess the differential growth responses of 4.
gerardii, considering the presence (M+) or absence (M-) of grazing memory. In mid-May 2023,
early-season leaf-bearing rhizomes of A. gerardii were harvested from two watersheds at the
Konza Prairie. Both areas are subject to annual burning and bison grazing. Within each watershed,
four exclosures established in 1988 served as ungrazed controls against the grazed landscape.
Plants without grazing history were sourced from these exclosures in upland areas (M-), while
plants with a history of exposure to continuous bison grazing were collected from four plots in
grazing areas within the same watersheds and topographic zones (M+). This setup provided a total

of sixteen biological replicates for each memory condition across the two watersheds.

64



Following collection, the rhizomes were transplanted into pots (24 cm diameter in 23 cm
height) under uniform soil conditions in a greenhouse, thus standardizing environmental
variables. The plants received appropriate irrigation to ensure their acclimatization to this
controlled environment. After a month, allowing for adjustment to greenhouse conditions, a
simulated heavy grazing pressure was introduced in mid-June as the first clipping treatment.

This experiment incorporated two clipping treatments: clipping (G) to simulate grazing and
control (no clipping, C), resulting in four distinct experimental groups: M+C, M-C, M+G, and M-
G with eight biological replicates per each group, significantly enhancing the reliability of the data
collected. This extensive replication enables a robust analysis of A. gerardii's adaptive growth
strategies under different grazing memories and current stress conditions. For details and more

information regarding the experiment and treatments, please refer to the method section of chapter

2.

Clipping treatments snd traits

Simulating Grazing Pressure

To simulate the effects of heavy grazing pressure on plant biomass, we adopted the
procedure outlined by Alber et al., 2014 which involves the removal of 70% of the plant's biomass
on a height basis. This simulation was conducted at two critical growth stages, in June and July,
to mimic seasonal grazing impacts. Prior to the clipping treatments, the height of the plants was

measured using a ruler (in centimeters) to ensure accurate biomass removal.
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First clipping treatment in June

In June, corresponding to the early growth phase of grasses, the aboveground mass
predominantly consisted of leaves without tillers. Clipping 70% of aboveground mass effectively
removed all leaves from the experimental pots, leaving behind only the base of stems and a few
leaves critical for subsequent non-destructive measurements such as photosynthesis rates,
chlorophyll content, and rapid light curves (RLCs) as disscussed in chapter 2.

Measurements were recorded for the total area (cm?) with a leaf area meter (LI-3100,
LICOR), as well as the fresh and dry biomass (g) of the removed materials during each instance
of simulated grazing pressure.

Subsequently, non-destructive techniques were utilized to assess the total leaf area
remaining on the plants after clipping. For this purpose, the Leafscan application was employed.
Leafscan operates by analyzing uploaded images of the leaves. Each image included a scale
reference to ensure accuracy. The application calculates the leaf area (cm?) by recognizing the leaf
edges against the contrasting background, providing precise measurements of the remaining foliar
surface area. This method allowed for a rapid and reliable estimation of leaf area without further
physical intervention with the plant material.

These data facilitated the calculation of both pre-clipped total leaf area and post-clipped

total leaf area for the residual leaves.

Second clipping treatment in July and Tillers Observation

As the season progressed into July, a select few pots showed signs of stem development,
indicating the onset of tillering. We observed the emergence of tillers in only three of the sampled
pots. Two of these pots contained plants with a history of grazing, while the third pot had plants

without prior exposure to grazing.
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Adhering to the previously established protocol, we removed 70% of the plant
aboveground biomass on a height basis, mirroring the simulated grazing treatment applied in June.
This method ensured uniformity in the treatment across both periods. The height, area, fresh, and
dry biomass of the tillers, which were among the plant materials clipped, were carefully
documented. We measured these traits to accurately quantify the impact of simulated grazing,
alongside the traits of the leaves that were also removed.

Post-clipping, the total leaf area of the foliage left on the plants was measured using the
Leafscan application. This allowed for an accurate assessment of the total leaf area before and after

the second clipping treatment.

Final Harvest Measurements

The final harvest in September entailed an extensive biomass assessment. Total area of
leaves and flowering tillers were measured. We measured the total fresh mass of leaves, flowering
tillers, and seeds. Subsequently, these samples were placed in an oven set at 60°C for 72 hours to
ensure complete moisture removal and achieve a constant mass and weighed. After the drying
period, we measured the dry mass of these components. This protocol was also applied to the
belowground parts, encompassing total dry mass of rhizomes, fine roots, and total belowground
dry weight. In addition to mass measurements, we recorded the lengths of tillers (for both clipped
and control treatments) and roots (only for plants that underwent clipping treatment). The compiled
data from these processes enabled us to calculate the fractional composition of the various plant
parts, namely tillers, total roots, rhizomes, leaves, and seeds. These comprehensive metrics
provided valuable insights into the plant's structural adaptations in response to the simulated

grazing pressure by the effect of memory of grazing.
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Calculation of derived variables

Utilizing these measured variables, we calculated the total dry matter (TDM) in grams for
each plant. Further analyses included the determination of Specific Leaf Area (SLA), Shoot to
Root ratio (based on dry mass), and Root Mass Fraction (RMF). We also quantified the mass
fractions of tillers, leaves, seeds, and rhizomes (TMF, LMF, SMF, and RhMF, respectively). Total
aboveground and beloweground biomass were also calculated. These calculations were performed
across all treatments, including plants with a memory of grazing and those without, which had
undergone the clipping treatment in the greenhouse, as well as the unclipped plants serving as our
control group.

In our analysis, we calculated these derived variables to assess plant biomass allocation
and leaf economics traits using the following formulas:

Total Dry Mass (TDM) in grams represents the sum of all plant dry biomass and was
calculated by adding the aboveground and belowground dry weight:

TDM = AGDW + BGDW

Root Mass Fraction (RMF) is the proportion of plant biomass located belowground and
was calculated as the dry weight (DW) of belowground (BG) parts (BGDW) divided by the sum
of aboveground (AGDW) and belowground dry weight:

RMF = BGDW /TDM

Similarly, we determined the mass fractions for flowering tillers, leaves, and seeds. The
fraction for each component was calculated as its dry weight divided by the total dry mass.

Specific Leaf Area (SLA) (cm?.g™!) reflects the leaf area per unit dry weight and was
determined by dividing the total leaf area (TLA) by the total leaf dry weight (TLDW):

SLA =TLA/TLDW
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Shoot to Root (StoR) ratio indicates the balance between aboveground and belowground

biomass and was computed as the ratio of aboveground dry weight to belowground dry weight:
StoR = AGDW:BGDW

These calculations follow the procedures outlined by Poorter et al., 2012, allowing for the
comparison of biomass allocation strategies under different treatment conditions. By quantifying
these variables, we were able to draw conclusions about the plant’s growth patterns and structural
adaptations in response to the simulated grazing. These metrics allowed us to dissect the allocation
strategies of plants in response to simulated grazing and to understand how past experiences of

grazing influenced their growth patterns and biomass distribution.

Calculation of Relative Growth Rate

To calculate the Relative Growth Rate (RGR), we initially considered the method proposed

by Vinton & Hartnett, 1992:
RGR (L.day —1) = (InL2 —InL1)/t2 — t1

Where Ly represents the length of leaves for a plant at time x, and t denotes the time at each
measurement interval. Although leaf length has been shown to be a good predictor of leaf biomass
for A. gerardii (R> = 0.91) (Vinton & Hartnett, 1992), our dataset for leaf length was incomplete.
Consequently, as an alternative metric to calculate RGR, we turned to total leaf area, a variable we
measured consistently before and after each clipping treatment and at the end of the season in
September.

To establish the validity of using leaf area as a predictor for biomass, we first examined
the correlation between leaf length and leaf area to see if leaf length can predict leaf area as the

leaf length was initially suggested to be utilized to estimate RGR by Vinton & Hartnett, 1992. Our
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analysis yielded a moderately strong relationship, with an R? of 0.60 when including both leaf
length and width as predictors in the model to predict leaf area (Swemmer et al., 2006). Further,
we investigated the relationship between leaf area and plant biomass, both fresh and dry. We found
a strong correlation between leaf area and fresh weight (R? of 0.88), but a weaker relationship with
dry weight (R? of 0.24). Although this information is not reported in this document. These findings
indicate that total leaf area is a reliable predictor for fresh biomass.

Therefore, we relied on regression analysis to establish the relationship between leaf area
and plant fresh biomass (FW). It was also deemed reasonable to use leaf area to estimate the fresh
weight of leaves remaining on the plants after each clipping to calculate the fresh biomass before
and after each treatment. Consequently, we adapted Hartnett's equation to calculate RGR using
total leaf area for each interval:

RGR (cm?*cm™2day” — 1) = (InA2 —In A1) /t2 — t1

Where Ax represents the total leaf area for a plant at time x, and t denotes the time at each
measurement interval. This modification allowed us to utilize a complete dataset and maintain
consistency in our RGR calculations across all plants in clipping treatment, including those with
and without a memory of grazing.

We calculated RGR for two distinct growth intervals. The first interval, from June to July
(RGR-June-July), spanned 24 days and followed the initial clipping treatment administered at the
peak of vegetative growth. The second interval, from July to September (RGR-July-Sep), covered
54 days and came after the second round of clipping, when the removal of tissues aligned with the
onset of the plant's reproductive phase. These durations were specifically chosen to analyze the
growth response to simulated grazing during distinct developmental stages by the effect of grazing

memory.
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Statistical analyses

For the statistical analysis of our data, we employed mixed effects models where
applicable. These models included the main effects of grazing memory, treatment applications,
and time intervals, along with their interactions. Additionally, different sampling plots, denoted as
'sample’ in this study, were incorporated as random effects to account for variability between plots.

ANOVA tests were conducted to determine the significance of the effects of grazing
memory, treatment, and time interval, as well as their interactions, on the measured variables.
Subsequent post hoc comparisons between groups were performed using Tukey's Honest
Significant Difference (HSD) test to pinpoint specific group differences.

Regression analyses were utilized to examine the relationships among variables and to
discern patterns and predictive capabilities within our dataset. This allowed us to quantify the
strength and nature of associations between variables of interest.

Throughout our analyses, we checked the assumptions of each model to ensure the
reliability of our results. These checks were comprehensive, ensuring normality of residuals,
homogeneity of variance, and the absence of multicollinearity.

All coding and statistical computations were conducted using Python version 3.11.6 within
the Visual Studio Code (VSCode) served as an advanced integrated development environment
(IDE) that facilitated efficient coding, debugging, and management of our Python scripts,
leveraging libraries such as Pandas for data manipulation, NumPy for numerical computations,
and Statsmodels for conducting mixed effects models and ANOVA tests. The Scipy library
facilitated our regression analyses and post hoc comparisons, while Matplotlib and Seaborn were

utilized for data visualization.
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Results

Relative Growth Rate (RGR)

In analyzing the data using mixed effect models, we assessed the influence of grazing
memory and time intervals as the main effects, with 'sample' included as a random effect. The
variance attributed to 'sample’ was found to be minimal, suggesting that including it as a random
effect does not significantly improve the model's fit. This indicated that 'sample' may not have a
substantial effect on the outcome variables. Given that our primary interest lies in the effects of
memory, time interval, and their interaction on the RGR, we opted for a two-way ANOVA as an
appropriate alternative to understand these effects.

The ANOVA model indicates significant main effects of both memory and time interval
on RGR (p values of 0.0027 and 3.31E-10, respectively), with both factors independently
influencing RGR. However, the interaction between memory and interval was not significant (p=
0.161), suggesting that the effect of memory on the change in RGR from the first to the second
interval does not differ significantly between the memory groups (Table 3.1, Figure 3.1).

A statistically significant reduction in RGR was observed between the June-July and the
July-September intervals for both groups of plants subjected to clipping treatments—those with
memory of grazing (M+) and those without (M-). The Tukey HSD post-hoc analysis identified
significant differences in RGR across various comparisons, detailed in Table 3.2.

Effects of time interval: Plants with memory of grazing (M+) in the June-July interval
showed a significantly higher RGR compared to those in the July-September interval (M+) with a
mean difference of 0.0689 (p<0.05). Also, plants without memory of grazing (M-) had a
significantly lower RGR in the July-September interval compared to the June-July interval, with a

mean difference of 0.092 (p<0.05).
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Effect of memory: No significant difference was observed in RGR between plants with
memory of grazing (M+) in the June-July interval and those without memory (M-) in the same
interval, as indicated by a mean difference of -0.0162 (p= 0.444), which suggests that during the
early growth stage, the presence of grazing memory does not significantly alter growth rates.

Furthermore, when comparing plants with memory of grazing (M+) in the July-September
interval to those without memory (M-) in the same interval, we found that M- group had a
significantly lower RGR, with a mean difference of 0.0394 (p=0.0144), suggesting that the
presence of memory increased growth rate in the second interval.

Interaction effects of memory and interval: A comparison between plants with memory
of grazing (M+) in the July-September interval and those without memory (M-) in the June-July
interval showed a significant increase in RGR for M- with a mean difference of 0.0527 (p value of
0.0004).

Plants with memory of grazing (M+) in the June-July interval had a significantly higher
RGR than those without memory (M-) in the July-September interval, with a substantial mean

difference of 0.1083 (p<0.001).

Impact of Grazing Memory on Biomass and Growth Traits in Clipped A. gerardii

Mixed effect model analyses were conducted on clipped A. gerardii plants to determine
the effect of grazing memory on several plant traits, with 'memory' treated as a fixed effect and
'sample’ as a random effect. The model revealed that the absence of grazing memory had a
statistically significant negative impact on total fresh weight (TtillerFW) and dry weight
(TtillerDW) (g) of flowering tillers, with reductions evident in the memory-absent group as

indicated by p <0.001, and <0.001, respectively. Conversely, flowering tiller length (FtillerL)
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showed a positive trend with the absence of memory, but this did not reach the statistical
significance (p = 0.053) (Table 3.3, Figure 3.2.A, B, and C).

Further significant decreases associated with the absence of memory were observed in the
total seed fresh weight (TSeFW) and dry weight (TSeDW), as well as aboveground dry weight
(AGDW) (g), with p-values of <0.001 across these variables. Belowground dry weight (BGDW)
also decreased significantly (p = 0.003). Specific leaf area (SLA) (cm?. g'!) was significantly lower
in memory-absent plants (p = 0.003), and the shoot to root ratio (StoR) was similarly affected (p=
0.014) (Table 3.3, Figure 2.D, E, I, and J).

However, root mass fraction (RMF) (Table 3, Figure 2.K) and Root length (RL) (cm)
(Table 3.3, not displayed in figure 3.2) were not significantly affected by the memory (p-values of
0.091 and 0.499, respectively). The total dry mass (TDM) was significantly lower in plants without
grazing memory (p <0.001) (Table 3, Figure 2.N), and there was a significant decrease in the total
leaf area in September (TLA_sept) (Table 3.3, not displayed in figure 3.2) for memory-absent
plants (p < 0.001).

In an effort to understand the long-term effects of grazing memory, we summed the values
of total leaf area (TLA), total leaf fresh weight (TLFW), and total leaf dry weight (TLDW) for
materials removed during the June and July clipping events. This summation provided a
comprehensive measure of the biomass removed across different memory treatments in clipped A.
gerardii plants.

The mixed effect model analysis revealed that, while some certain individual metrics, e.g.,
total leaf area in September (TLA sept) showed significant differences based on memory, the

cumulative biomass removed over the June and July intervals (TLA_ summed, TLFW_summed,
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TLDW_summed) did not demonstrate a significant difference when comparing plants with and
without memory of grazing (p values of 0.157, 0.231, and 0.209, respectively) (Table 3.3).

Following the mixed effect model analysis which focused on plants subjected to clipping
treatments, we expanded our statistical examination to include both clipped and control treatments,
with and without memory. ANOVA tests were performed to compare the means of various growth
and biomass variables across all groups, ensuring the assumptions were met for the validity of the
test.

The ANOVA results demonstrated significant differences across several key variables
when incorporating control groups into the analysis. The total fresh weight (FW) and dry weight
(DW) of flowering tillers, as well as the length of flowering tillers, showed highly significant
differences (p-values ranging from <0.0001 to <0.004) (Table 3.4, Figure 3.2. A and B), indicating
that these traits are influenced by the treatment conditions. Similarly, the aboveground fresh and
dry weights (AGFW and AGDW) (Table 3.4, Figure 3.2. H and I), and belowground dry weight
(BGDW) were significantly different across the groups (p < 0.01) (Table 3.4, Figure 3.2.J),
underscoring the treatment impact on plant biomass distribution.

Notably, the total dry mass (TDM) also exhibited a highly significant difference (p=
0.0003) (Table 3.4, Figure 3.2. N), while variables like root mass fraction (RMF), specific leaf
area (SLA), and shoot to root ratio (StoR) did not show significant differences, with p-values
exceeding the 0.05 threshold (Table 3.4, Figure 3.2. K, L, and M). These findings suggest that
while certain biomass components are distinctly affected by the grazing memory and treatment

conditions, others such as root-to-shoot allocations remain unaffected.
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Analysis of Biomass Allocation Patterns in Response to Grazing Memory and Clipping

Treatments

The ANOVA results for the derived fractional variables across four different groups
highlight that among the fractional variables analyzed, only the leaf and rhizome mass fractions
showed a response to the factors tested (Table 3.5, Figure 3.3). While the effect of treatment on
the leaf mass fraction is not statistically significant, with a p-value of 0.058, it is on the edge of
significance. This suggests a potential trend where treatment may influence the proportion of
biomass allocated to leaves in 4. gerardii, warranting further investigation. The rhizome mass

fraction was influenced by the plant's memory of grazing (p = 0.021) (Table 3.5, Figure 3.3).

Impact of Relative Growth Rates and Grazing Memory on End-of-Season Biomass

Attributes

Our regression analysis sought to understand the influence of early and late season growth
rates, represented by RGR, on end-of-season biomass outcomes while accounting for the presence
or absence of grazing memory. Two models stood out with significant results:

Specific Leaf Area (SLA): The RGR from the later July-September interval showed a

significant positive effect on SLA, with an adjusted R? of 0.473 and a significant p-value (p =
0.0072). This relationship suggests that higher growth rates later in the season contribute to a larger
specific leaf area. As with the previous model, the effect of grazing memory was not significant
(p= 0.35) (Tabel 3.6, Figure 3.4.A), suggesting that RGR during this interval is a stronger

determinant of SLA than the plant's memory of being grazed.

Total Leaf Fresh Weight (TLFW): This model, incorporating RGR from the June-July

interval, demonstrated a strong positive relationship with TLFW measured in September, as
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indicated by an impressive adjusted R*2 of 0.671 and a highly significant p-value (p= 0.0005).
This suggests that vigorous early-season growth rates are a good predictor of greater leaf fresh
biomass at the end of the growing season. The variable of grazing memory did not show a
significant influence in this model (p= 0.48) (Tabel 3.6, Figure 3.4.B), indicating that the early
growth rates themselves, regardless of grazing history, were more directly related to the final fresh

weight outcomes.

Discussion

This study set out to explore the adaptive significance of plant memory in 4. gerardii,
focusing on its response to simulated grazing. Our findings offer novel insights into the complex
interplay between past grazing experiences and plant growth dynamics, shedding light on the
underlying mechanisms of biomass allocation and compensatory growth strategies.

RGR: The dynamics of RGR as influenced by grazing memory and time intervals are
central to our understanding of plant adaptive responses. Our results indicate that plants with a
history of grazing (M+) exhibit a significant decrease in RGR, about 48%, transitioning from the
early to the late growing season. Conversely, plants without a grazing memory (M-) experience a
larger decline, with their RGR reducing by approximately 72.6% over the same period. This result
underscores the influence of grazing history on growth trajectories and the ability of this grass
species to adjust their growth rates in response to past grazing events (Hilker & Schmiilling, 2019;
Kusch et al., 2022).

In addition, our findings regarding the RGR support the established principle that plants
experiencing grazing must sustain an elevated RGR relative to ungrazed plants to fully recover
from tissue loss (Barto & Cipollini, 2005; Harvell, 1990; Sinha, 2023; Vinton & Hartnett, 1992).
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Specifically, 4. gerardii individuals with a grazing history demonstrate a smaller decline in RGR
after the second defoliation event, suggesting they can sustain higher growth rates to compensate
for biomass loss (Hilbert et al., 1981). This capability is essential for not only survival but also for
maintaining reproductive potential in the face of grazing pressures (Ferraro & Oesterheld, 2002).
The observed trend in our data reflects the necessity of maintaining a robust RGR to counteract
the effects of tissue removal, supporting the idea that a history of grazing can lead to an adaptive
growth advantage in perennial grasses (Hilbert et al., 1981; Knapp et al., 2012; Vinton & Hartnett,
1992).

Moreover, the coping response of A. gerardii with grazing memory (M+) is evident from
the less pronounced decline in RGR after both the first and second clipping events. In M+ plants,
this could be seen as a strategic enhancement of growth post-defoliation, aiming to counterbalance
biomass loss and taking advantage of higher light intensity and space (Knapp et al., 2012;
McNaughton, 1986). The less pronounced decline in RGR in M+ plants across both intervals might
be indicative of a priming effect, where previous grazing experiences have conditioned the plant
for future stress events, enabling a rapid and efficient recovery through anticipatory resource
allocation or physiological adjustments (Conrath et al., 2006; Hilker & Schmiilling, 2019). The
more marked decline in RGR for M- plants after each clipping event highlights their vulnerability
and a potential deficit in adaptive priming mechanisms, which makes them more susceptible to the
consequences of defoliation. These findings are also in line with the grazing optimization
hypothesis, which posits that plants can compensate for herbivory under certain conditions,
thereby enhancing their growth and reproductive output (Belsky, 1986; Hilbert et al., 1981).

Biomass allocation and growth traits: Our study's exploration into 4. gerardii responses

to grazing memory and defoliation presents intricate outcomes. The anticipated benefit of grazing
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memory on growth traits was not universally observed. Clipping significantly impacted biomass,
particularly the mass of flowering tillers and total dry mass, irrespective of grazing history (Tabels
3.3 and 3.4). Seed biomass (DW) is slightly smaller in plants with the history of grazing when they
are clipped and unclipped(M+G and M+C). Total root fraction, root length, and fine root mass do
not show a significant effect of memory. These findings contrast with those reported in Guo et al.,
2021, while they documented enhanced root development in Agropyron cristatum, a C3 grass in
the family Poaceae, with a history of grazing, our results suggest a different outcome in 4. gerardii.
Additionally, our findings did not demonstrate an increase in fitness in plants with the memory of
grazing (Thellier et al., 2018). However, we observed that plants with a history of grazing exhibited
a higher RGR, indicative of the total leaf area's expansion over time in response to grazing. This
could suggest a compensatory mechanism to cope with the loss of photosynthetic tissues
(Oesterheld & McNaughton, 1991; Siddappaji et al., 2015).

The influence of grazing memory on A. gerardii becomes further apparent when
considering the allocation of biomass among different plant fractions (Table 3.5). Specifically, the
leaf and rhizome mass fractions were responsive to clipping treatments and memory, respectively,
suggesting a differential allocation strategy that may be modulated by the plant's treatments and
grazing history. The nearly significant effect of clipping on the leaf mass fraction hints at a trend
where clipping could influence the proportion of biomass allocated to leaves, a critical component
for photosynthesis and subsequent energy capture. This trend, while not reaching levels of
significance, suggests a potential adaptive response that could optimize light capture (Alber et al.,
2014; DeAngelis et al., 2012; A. Knapp et al., 2012), carbohydrate storage (Benot et al., 2019),
and growth following defoliation events in plants with the memory (J. R. Brown & Stuth, 1993;

Elson & Hartnett, 2017; Vinton & Hartnett, 1992).
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Although plants without memory showed a potential for more robust belowground growth,
as seen in higher rhizome mass fractions (Tabel 3.5, Figure 3.3), the expected advantages of
memory in aboveground biomass recovery were not evident. Our results present a different
perspective from the findings associated with Leymus chinensis possessing grazing history (X. Li
et al., 2021; Qu et al., 2022), indicating that the effects of grazing memory on plant functional
traits may vary among species. Instead, resource allocation patterns appeared complex and
context-dependent.

The physiological importance of memory in A. gerardii could be multifaceted. Memory
may confer an adaptive advantage in fluctuating environments by optimizing resource distribution
between above- and belowground parts (Bazzaz et al., 1987; Geng et al., 2007), enhancing overall
resilience and survival (Ingrisch & Bahn, 2018; Kusch et al., 2022).

Additional research is essential to elucidate how A4. gerardii allocates resources in response
to defoliation, particularly considering its historical exposure to grazing.

These results suggest that while grazing memory influences A. gerardii's growth responses,
the direct effects of defoliation and the plant's inherent growth mechanisms play a more substantial
role in determining resilience and biomass production than previously hypothesized.

Impact of Relative Growth Rates and Grazing Memory on End-of-Season Biomass
Attributes: Given the initial hypothesis that plant memory would positively influence the response
of A. gerardii to improve growth following defoliation, and the correlation of RGR during early
and late growth stages with end-of-season biomass attributes, we can draw the following
conclusions from the data:

The significant correlation between RGR in both early (June-July) and late (July-

September) growth stages with end-of-season total leaf fresh weight and SLA respectively
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indicates that immediate growth rates post-defoliation are critical predictors of end-of-season
biomass and leaf structure (Osone et al., 2008). This aligns with the part of the hypothesis
predicting that RGR would correlate with end-of-season biomass attributes. The statistical analysis
shows that memory does not significantly influence these correlations. This finding does not
support the hypothesis that plant memory would modulate the relationship between RGR and end-
of-season biomass attributes. Instead, it suggests that the plant's inherent growth response to
defoliation is a more dominant factor than the memory of past grazing.

The strong innate growth response and recovery capability in A. gerardii, irrespective of
grazing memory, highlight a potentially valuable trait for survival in environments with variable
grazing pressures. The plant's ability to rapidly grow after defoliation events and produce

significant biomass by the end of the season underscores its resilience (Ratajczak et al., 2022).

Conclusion

In conclusion, the comprehensive analysis of 4. gerardii in response to grazing suggests
that the plant's inherent physiological responses to defoliation are more predictive of end-of-season
biomass and structural traits than the memory of past grazing. While plants with a history of
grazing show a smaller decline in RGR throughout the season, indicating some degree of adaptive
response, this memory does not significantly influence the total leaf fresh weight or SLA at the
end of the growing season. These results challenge the initial hypothesis that grazing memory
would enhance growth traits and suggest that the species' innate growth dynamics post-defoliation
play a more critical role in determining plant vigor and survival. Consequently, grassland
management practices may need to focus more on the timing and intensity of defoliation rather
than on influencing plant memory to optimize the resilience and productivity of A. gerardii in

grazing ecosystems.
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Figure 3. 1- Bar Plot of RGR by Grazing Memory and Time Interval with Tukey's HSD Mean
comparison annotations for clipped A. gerardii plants. Groups sharing the same letter are not
significantly different, whereas distinct letters indicate a statistically significant difference in the

mean values.
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clipping treatment with and without the memory of grazing (M+G and M-G, respectively).
Statistical significance from ANOVA tests is annotated above each plot, with p-values indicating
the level of significance between groups. Significant p-values (< 0.05) suggest substantial
differences in means between different groups across the measured variables. The annotations of
Tukey's Honestly Significant Difference (HSD) post-hoc test denoted by letters above each bar.
Groups sharing the same letter are not significantly different, whereas distinct letters indicate a
statistically significant difference in the mean values.
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Figure 3. 3- Influence of Memory and Clipping Treatment on A. gerardii Rhizome Biomass
Allocation. This bar chart illustrates the total rhizome mass fraction for A. gerardii under different
treatment conditions at the season's end. Treatments include memory without clipping (M+C),
memory with clipping (M+G), no memory without clipping (M-C), and no memory with clipping
(M-G). Error bars represent standard errors. Marginally non-significant effect of memory on
rhizome biomass allocation (p = 0.055).
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Figure 3. 4 - Relationship Between RGR and End-of-Season Biomass Variables in A. gerardii.
The plots illustrate the regression analyses for total leaf fresh weight (TLFW) against RGR from
the June-July interval (A) and specific leaf area (SLA) against RGR from the July-September
interval (B), differentiated by groups with and without memory of grazing (M+ and M-). The
significance of the RGR effect and memory is indicated by the p-values, with the adjusted R? value
reflecting the strength of the model fit.

Table 3. 1- Two-way ANOVA assessing the effects of grazing memory, time interval, and their
interaction on the Relative Growth Rate (RGR) of A. gerardii. The number of asterisks denotes
the level of significance, with more asterisks indicating higher statistical significance (p<0.05).

Predictors Response Variable PR(>F)
Memory RGR 0.0027**
Time interval RGR 3.31E-10%**
Memory: Time interval RGR 0.161

Table 3. 2- Tukey's HSD Test Results for RGR Comparisons Among Clipped A. gerardii Plants
Across Different Grazing Memories and Growth Intervals.

groupl group2 Mean difference p-adj lower upper reject
M-+JulySep M-+JuneJuly 0.0689 0 0.0384 0.0994 TRUE
M-+JulySep M-JulySep -0.0394 0.0144 -0.0722 -0.0066 TRUE
M-+JulySep M-JuneJuly 0.0527 0.0004 0.0221 0.0832 TRUE
M-+JuneJuly M-JulySep -0.1083 0 -0.1401 -0.0764 TRUE
M-+JuneJuly M-JuneJuly -0.0162 0.444 -0.0457 0.0132 FALSE
M-JulySep M-JuneJuly 0.092 0 0.0602 0.1239 TRUE
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Table 3. 3- Impact of Grazing Memory on Biomass and Growth Traits in Clipped A. gerardii
using Mixed effect models. For each variable, Memory was used as the main effect and sample
as a random effect. The number of asterisks denotes the level of significance, with more asterisks
indicating higher statistical significance (p<0.05).

Variable Effect of Memory P-Value
TtillerFW -13.697 0.000%**
TtillerDW -8.394 0.000%**
FtillerL 6.267 0.053
TSeFW -4.529 0.000%***
TSeDW -1.463 0.000%***
TRhiDW -0.293 0.543
FineRootDW -4.906 0.058
RL -5.180 0.499
AGFW -9.510 0.238
AGDW -10.131 0.000%***
BGDW -6.907 0.003**
RMF 0.062 0.091
SLA -38.058 0.003**
StoR -0.235 0.014*
TDM -10.261 0.000%***
TLA_summed -215.577 0.157
TLFW_summed -4.808 0.231
TLDW_summed -1.409 0.209
TLA_sept -146.037 0.000%**
TLFW _sept -3.778 0.000%**
TLDW _sept -0.773 0.206

Table 3. 4- ANOVA Analysis of Growth and Biomass Variables in Clipped and Control A.
gerardii Plants Across Different Grazing Memory and Treatments. The number of asterisks

denotes the level of significance, with more asterisks indicating higher statistical significance
(p<0.05).

Variable p-Value
1 TtillerFW Total biomass of flowering tillers (g FW) 0.0037%**
2 TtillerDW Total biomass of flowering tillers (g DW) 0.0007%**
3 FtillerL Length of flowering tillers (Cm) 0.0001%**
4 TSeFW Total biomass of seeds (g FW) 0.0697
5 TSeDW Total biomass of seeds (g DW) 0.0063**
6 TRhiDW Total biomass of Rhizomes (g DW) 0.0034%**
7 FineRootDW Total biomass of fine roots (g DW) 0.0141*
8 AGFW AboveGround Fresh Weight (g) 0.0035%*
9 AGDW AboveGround Dry Weight (g) 0.0016**
10 BGDW BelowGround Dry Weight (g) 0.0086**
11 RMF Root Mass Fraction 0.7335
12 SLA Specific Leaf Area (Cm2. g-1) 0.8512
13 StoR Shoot to Root Ratio 0.7301
14 TDM Total Dry Mass (g) 0.0003***
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Table 3. 5- ANOVA Results for Derived Fractional Biomass Variables in A. gerardii Across
Different Clipping Treatments and Memory Groups. The number of asterisks denotes the level of
significance, with more asterisks indicating higher statistical significance (p<0.05).

Variable memory p Treatment p Interaction p
1 TillerMassFraction 0.730 0.157 0.679
2 SeedMassFraction 0.375 0.443 0.834
3 LeafMassFraction 0.443 0.058* 0.801
4 RhizMassFraction 0.021** 0.211 0.332

Table 3. 6- Regression Model Analysis of RGR and Memory Effects on End-of-Season Biomass
Variables in 4. gerardii. The number of asterisks denotes the level of significance, with more
asterisks indicating higher statistical significance (p<0.05).

Model Adj R2 p value RGR p value memory
TLFW~RGR-JuneJuly+memory 0.671 0.0005%** 0.48
SLA~RGR-JulySep +memory 0.67 0.0004*** 0.127
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Chapter 4: Conclusion

Ecological memory, a term synonymous with the lasting effects of environmental stressors
(Canarini et al., 2021; Ogle et al., 2015), plays a pivotal role in how plants like Andropogon
gerardii respond and adapt to grazing (S. Chen et al., 2014; Y. Wang et al., 2022), a key
disturbance in grassland ecosystems (Knapp et al., 2012; Knapp et al., 1999; Vinton et al., 1993).
This memory is not just an archive of past interactions but an active influence that primes plants
for future encounters with similar stresses (Galviz et al., 2022; Hilker et al., 2016). It encompasses
a series of adaptive physiological and biochemical responses that are believed to enhance a plant's
ability to cope with and recover from subsequent grazing pressures (Qu et al., 2022; Ren et al.,
2024).

The objective of this research was to probe for the potential occurrence of the depth and
breadth of this ecological memory's effects on A. gerardii. Ecological memory hypothesizes that
the legacy of past grazing shapes the plant's current physiological state, influencing growth rates
and biomass accumulation (chapter 2 and 3), photosynthetic efficiency, and the synthesis of
defensive compounds (chapter 3). Through this lens, the thesis aimed to dissect the continuum of
responses to grazing, from immediate reactions to long-term adaptations, and how these responses
confer resilience in a competitive prairie ecosystem.

The findings from multiple chapters illuminates the complex interactions between time,
physiological processes, and ecological memory. It reveals how these factors collectively influence

grassland productivity and the resilience of prairie species, including 4. gerardii.
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Ecological Memory and Plant Stress Responses

The second significant finding is the nuanced role of ecological memory in plant resilience.
The physiological and biochemical analyses revealed that while A. gerardii with a grazing history
exhibited certain adaptive advantages in photosynthetic responses to stress, the presence of
secondary metabolites, particularly flavonoids, was paramount in determining the plant’s
resilience and recovery. Flavonoids are crucial regulators of photosynthetic activity, stomatal
conductance (Brunetti et al., 2019; Gai et al., 2020), and overall stress mitigation (Erb &
Kliebenstein, 2020), illustrating that immediate biochemical responses play a critical role in a

plant's ability to withstand and recover from defoliation stress (Agati et al., 2012).

Plant Growth Dynamics and Memory

The third major conclusion pertains to plant growth dynamics in response to defoliation.
While plants with a history of grazing demonstrated a smaller decline in Relative Growth Rate
(RGR), indicating some degree of inherent plasticity, the research concluded that intrinsic growth
rates and immediate physiological responses to defoliation are more predictive of end-of-season
biomass than the memory of past grazing events. This finding suggests that the coping mechanism
in A. gerardii is primarily a result of immediate physiological adaptations rather than an evolved

response influenced by historical grazing.

Implications for Grassland Management and Future Research

The implications of these findings are twofold. They challenge the assumed impact of
ecological memory on plant resilience, recovery, and compensation (Agrawal, 2000; Galviz et al.,
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2022; Zhang et al.,, 2023) and advocate for a more climate-centric approach in grassland
management (Olimb & Robinson, 2019), emphasizing the need to understand and respond to the
immediate and projected impacts of climate change on ecosystem productivity (Bachle & Nippert,
2022; De Boeck et al., 2018; Fay et al., 2008). Secondly, they highlight the potential for leveraging
plant physiological traits, such as the production of flavonoids and the optimization of
photosynthetic efficiency (Brunetti et al., 2019), as adaptive strategies to bolster plant resilience
against environmental stressors.

Future research endeavors are encouraged to focus on unraveling the intricate molecular
crosstalk between secondary metabolites and hormonal pathways within plants, with a special
emphasis on how these interactions dictate plant adaptive responses to abiotic stresses, such as
defoliation. An area of interest that has emerged from this thesis involves the role of flavonoids in
regulating stomatal closure. Our findings contribute to an ongoing debate and suggest that higher
levels of flavonoids are associated with lower intercellular CO, concentration (C;), which could be
indicative of increased stomatal closure. This aligns with the findings of Brunetti et al., (2019) and
Gai et al., (2020), where the synthesis of flavonoids, potentially regulated by abscisic acid, ABA,
was linked to enhanced stomatal closure. Contrary to Watkins et al., (2014), who proposed that a
flavonoid deficiency leads to increased stomatal closure due to the accumulation of reactive
oxygen species, our research supports the notion that an increase in flavonoid concentration can
induce the same effect. This may reflect a complex biological feedback mechanism where
flavonoids play a role in optimizing water use efficiency while maintaining photosynthetic
capacity through regulated stomatal behavior (Brown et al., 2001; Erb & Kliebenstein, 2020;
Pourcel et al.,, 2007). This apparent contradiction presents a compelling avenue for further

investigation to clarify the relationship between flavonoids, ABA signaling, and stomatal
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regulation. Understanding these pathways is essential for piecing together the broader picture of
how plants manage water loss and gas exchange under stress conditions and could reveal novel
insights into the enhancement of plant resilience through metabolic and hormonal modulation.

In conclusion, this thesis revealed that while ecological memory has a role in plant
responses to grazing, its influence is less than that of immediate physiological reactions. This
finding encourages a shift in focus towards understanding and managing the immediate

biochemical responses to environmental changes for grassland conservation.
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