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ABSTRACT
When photons from sunlight are absorbed by plants, they can take paths of photosynthesis,
fluorescence, or energy dissipation. Instruments to quantify fluorescence have expanded in scale
to allow measurements from satellites and flux towers using Solar-Induced Chlorophyll
Fluorescence (SIF). Studies have found a positive correlation between SIF and gross primary
productivity (GPP; representative of photosynthesis), suggesting SIF is a proxy for GPP. This
conclusion encourages the use of SIF to inform decisions about carbon budgets and responding
to climate change. Studies of fluorescence on the single-leaf scale have revealed that SIF
measurements do not account for all variables nor is there an understanding of the impact of

environmental factors, such as drought, on these measurements.

In this project, tall fescue turfgrass was placed in one of four differing drought severities for 19
days. Leaf-level measurements of photosynthesis and pulse-amplitude modulated fluorescence
were made, demonstrating stomatal closure and inhibition of photosynthesis. This physiological
change caused greater photon allocation to energy dissipation. Changes in greenness and the
utilization of photoprotective mechanisms such as senescence and anthocyanin accumulation
were observed. This study has provided an understanding of the temporal, physiological, and
visible impacts of drought on turfgrass to inform interpretations of SIF in future experiments.
Caution is crucial in utilizing SIF as a proxy for GPP before further research into the impact of

drought on SIF is completed.
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INTRODUCTION
Introduction to solar-induced chlorophyll fluorescence
As droughts are becoming more severe with global change, it is growing crucial to understand
the impacts they will have on plants. Decisions about carbon budgets, responding to climate
change, and the severities of droughts are informed by new methods measuring Solar-Induced
Chlorophyll Fluorescence (SIF; Porcar-Castell et al., 2021). Photons that are absorbed by and
excite chlorophyll-a molecules—but are not utilized in photosynthesis—can be emitted as SIF
(Sun et al., 2017). Measurements of SIF on a large scale, from flux towers and satellites, are
utilized to estimate gross primary productivity (GPP), i.e., photosynthetic CO, assimilation on a
ground area basis (Sun et al., 2017). SIF measurements were recently implemented, with some of
the first satellite studies reported in 2011 (Frankenberg et al., 2011b; Joiner et al., 2011). While
multiple satellites have been utilized for this, the Orbiting Carbon Observatory-2 (OCO-2)
launched in 2014 by NASA (Crisp et al., 2017) has created better-resolution images than had
been produced in the past (Sun et al., 2017). OCO-2 produces hundreds of thousands of
measurements daily that are transmitted to Earth (Crisp et al., 2017), measuring atmospheric
[COz] and now SIF. SIF measurements from OCO-2 are used to quantify carbon uptake for

application to carbon budgets, among other uses.

The formation of a method for quantitative analysis of fluorescence in 1975 by Plascyk et al. has
allowed for this expansion in the scale of measurements. Fluorescence is a small fraction of
absorbed light reemitted by photosystem (PS) II chlorophyll-a molecules (Sun et al., 2017).
Plascyk et al. (1975) found that sunlight (and reflected solar light) had a specific ratio of energy

or depth of Fraunhofer lines, which are regions of absorption of the solar spectrum.



Measurements of SIF are quantified with spectrometers by calculating solar light and
fluorescence Fraunhofer depth ratios—depth of the Fraunhofer lines relative to outside of the
lines—in the fluorescence spectrum (660-850 nm; Sun et al., 2017). A lower ratio of depth of the
Fraunhofer lines relative to outside of the lines is representative of fluorescence. Frankenberg et
al. (2011a) and Joiner et al. (2011) improved measurements of SIF with the Fraunhofer line
method that allowed for the separation of the fluorescence signal from atmospheric scattering. As

tools have improved in resolution, more accurate measurements of SIF have been acquired.

To establish SIF’s usefulness, researchers have published studies attempting to show that SIF is a
proxy for GPP measured from flux towers and satellites. Utilizing their novel approach,
Frankenberg et al. (2011b), found correlations between SIF and GPP. Six years later, Sun et al.
(2017) conducted research measuring SIF and GPP from OCO-2. OCO-2 provided better
resolution, which demonstrated stronger correlations between SIF and GPP than past methods.
GPP tower measurement sites in or near the path of OCO-2 allowed them to compare stand-scale
GPP with landscape-scale SIF. They asserted that SIF “reflect[s] photosynthetic dynamics in real
time” and found a positive linear relationship between SIF and GPP, suggesting SIF is a proxy
for GPP (Fig. 1). In the past decade, research relating to SIF has focused on improving these
tools to increase accuracy and to examine relationships. As studies continue to argue for the
validity of the proxy relationship, they have suggested utilizing SIF to make decisions about
carbon budgets and responses to climate change. In this research, I measured photosynthesis and
fluorescence in turfgrasses impacted by differing levels of drought on a small scale to ultimately

be compared to larger scale SIF measurements.
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Figure 1. SIF positively correlates to GPP with multiple measurement tools.

The correlation between GPP and OCO-2 SIF (daily mean value) at three environments of crops,
forests, and grass. GPP was measured daily in 2015 using “(A) eddy covariance measurements,
(B) FLUXCOM products, and (C) MODIS products, sampled at these three flux sites. Error bars
represent the standard error of the OCO-2 SIF retrieval” (From Sun, Y., Frankenberg, C., Wood,
J. D., Schimel, D. S., Jung, M., Guanter, L., Drewry, D. T., Verma, M., Porcar-Castell, A.,
Griffis, T. J., Gu, L., Magney, T. S., Kohler, P., Evans, B., & Yuen, K. (2017). OCO-2 advances
photosynthesis observation from space via solar-induced chlorophyll fluorescence. Science,
358(6360). https://doi.org/10.1126/science.aam5747, Figure 3 / Reprinted with permission from

AAAS).
An understanding of fluorescence is necessary to interpret SIF data and appreciate the impact
that different stresses and environmental changes may have on the measurement. To interpret

measurements of fluorescence and photosynthesis, one must comprehend photosynthetic electron

transport.

Electron transport in plants

Plants use sunlight as an energy source by utilizing photosynthetic pigments to power the
creation of glucose. Photons are critical for photochemistry and aid in creating an
electrochemical proton gradient that drives the ATP synthase to generate energy (Eberhard et al.,
2008). However, photons can take alternative paths of either fluorescence or non-photochemical

quenching through energy dissipation (ED; Fig. 2; Maxwell et al., 2000). When there is an



excess of photons, depending on other conditions, ED and fluorescence may increase (Porcar-
Castell et al., 2021). Chlorophyll does not hang on to these extra photons because they can cause
uncontrolled redox reactions and the creation of reactive oxygen species (ROS) that are harmful

to cells (Eppel et al., 2013).

Energy dissipation is a mechanism utilized for photoprotection (factors that prevent photons
from damaging plants by reducing absorption or siphoning surplus energy to other processes).
Instead of driving photochemistry, the photon energy is released as heat through the actions of
the xanthophyll cycle (Maxwell et al., 2000). When there is excess light, the carotenoid
violaxanthin is converted to zeaxanthin (Demmig-Adams & Adams, 1996), a molecule able to
accept excitation energy from chlorophyll, which it discharges thermally (Blommaert et al.,
2021). When light intensity diminishes, zeaxanthin is reconverted to violaxanthin to lower levels
of ED so that only excess light is dissipated (Demmig-Adams & Adams, 1996). The partitioning
of energy through ED is regulated over short time scales to manage potentially harmful excess

light without disrupting the productive use of light in photosynthesis.

Fluorescence is a biophysical feature of chlorophyll that can be measured at multiple scales
utilizing different instruments. Chlorophyll-a fluorescence (ChlaF) is energy—from photons—
reemitted as light (at longer wavelengths; Joiner et al., 2011) instead of moving through
photosystems and creating energy—this is not directly regulated by chlorophyll. Spectrometer
measurements of ChlaF intensity at larger scales (e.g., towers and satellites), using sunlight as a
photon source, are referred to as SIF (Sun et al., 2017). ChlaF can also be measured at smaller

scales using pulse-amplitude-modulated (PAM) fluorometers (pulses of light). Measurements



with PAM fluorometers can additionally measure aspects of energy partitioning, revealing the
siphoning of photons to photosynthesis or ED. Measurements of fluorescence with spectrometers
and PAM fluorometers have allowed for a greater understanding of fluorescence at different

scales and fluorescence’s relationship to other processes.

Reflected
Fluorescence

Energy
Dissipation

Figure 2. Solar energy can be utilized in multiple ways.

Solar energy can be reflected or absorbed. Absorbed photons can be siphoned to photosynthesis
or released as fluorescence or energy dissipation. There are additional paths photons can take
that have been omitted for simplicity.

It is a fundamental tenet of energy partitioning that if more photons are utilized for one
process—photosynthesis, ChlaF, or ED— then the photons siphoned by the other processes must
necessarily decrease. In other words, if photosynthesis increases, then energy dissipation and/or
fluorescence will decrease. While fluorescence and photosynthesis are related, one cannot be

used to directly predict the other (by proxy relationship) because this neglects the partitioning of

energy to ED and outside environmental impacts such as changing water and sunlight. PAM



fluorometers are valuable instruments because they can measure photosynthesis, ED, and

fluorescence at the same time.

What measurements of fluorescence at different scales reveal

While SIF measurements are novel and innovative, ChlaF measurements on the single-leaf scale
(using PAM) demonstrate that the SIF-photosynthesis relationship may vary at different scales.
Scientists have suggested that SIF may be seen as a proxy of GPP because of averaging over
time, the large spatial scales of the measurements, and differing measurement sites, in addition to
other factors (Porcar-Castell et al., 2021). More research is needed to understand the best
measurement methodologies and the interpretations that can be drawn from SIF. It is critical to
build knowledge of the impact of environmental and physiological processes on fluorescence on

a small scale to inform the interpretation of large-scale SIF measurements.

Marrs et al. (2020), a study on which Bowdoin plant ecophysiologists collaborated, reported on a
two-day study to determine if SIF would respond to experimentally imposed inhibition of
photosynthesis. They altered instantaneous leaf photosynthetic carbon fixation by driving the
closure of stomata through abscisic acid (ABA) treatment or application of a shoot pressure cuff.
ABA is a hormone that signals for stomatal closure, and pressure cuffs cause xylem emboli to
form; emboli simulate water stress through the formation of an air cavity blocking the flow of
water, which then stimulates stomatal closure. They compared single-leaf-scale measurements of
photosynthesis to branch-scale measurements of SIF collected using a rooftop-mounted telescope
connected to spectrometers. Measurements took place pre- and post-treatment. They found that

photosynthesis declined greatly because the treatments led to stomatal closure. SIF, however, did



not exhibit a statistically significant decrease (Fig. 3). If SIF were a proxy for photosynthesis at
this scale, a change in the same direction and magnitude would be expected. This challenges if
SIF can be utilized as a proxy for photosynthesis and encourages exercising caution in drawing

such conclusions under all circumstances.
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Figure 3. Fluorescence is not correlated with photosynthesis at a small scale.

The plot points represent averaged values. Net carbon assimilation (Anet, photosynthesis),
stomatal conductance, and SIF were measured. “Error bars represent 95% confidence intervals
determined from LME models” (Adapted and used with permission, Marrs et al., 2020).

Other studies have demonstrated the impacts of water stress on SIF in tall fescue turfgrass. Jones
et al. (2023), another study on which Bowdoin plant ecophysiologists collaborated, conducted a
four-day experiment inhibiting photosynthesis using two treatments, applying ABA or
withholding water. In the ABA condition, the canopy was sprayed with ABA at the beginning of

day one. Water was withheld from the grass pallets for two days before rewatering in the water

stress condition. Measurements of SIF—utilizing the same rooftop set up as Marrs et al.



(2020)—were made 18.4 m from the grass samples, and measurements of CO» assimilation (i.e.,
photosynthesis) and ChlaF were made on the blade level (these latter measurements were used to
quantify the level of energy dissipation [ED]). Over the days, the turfgrass in the ABA treatment
exhibited an increase in ED and a decrease in SIF and photosynthesis. In the water stress
condition, they observed no changes to ED and a decrease in photosynthesis before rewatering.
However, SIF and NDVI (a reflectance greenness index) were significantly lower only after
rewatering, suggesting leaf coloration had a greater effect on SIF than photosynthesis. In the
absence of a response in ED to the short-termed water stress, SIF measurements were unable to
recognize the magnitude or direction of photosynthetic decline. This study raises questions about
the spatiotemporal scale at which SIF correlates with GPP in plants experiencing stress and

encourages the acknowledgement of ED.

The decoupling of SIF and GPP can be caused by a variety of environmental and physiological
aspects that weaken or complicate their correlation. During these times, SIF may fail to track a
change in fluorescence, hindering SIF as a tool to measure stress. Leaves differ in shape,
impacting the overall canopy architecture and interaction with photons. The canopy can inhibit
SIF from detecting and representing full ChlaF emission (Porcar-Castell et al., 2021). In
addition, visual signs of drought (often photoprotective) such as anthocyanin accumulation (the
buildup of anthocyanin to protect chlorophyll), a decrease in chlorophyll, senescence, wilting,
and leaf-blade folding can impact the SIF signal and decouple it from GPP. For example, if a
senescing blade is blocking a new blade below from measurement, SIF will not be representative
of the whole plant but only what is visible to the instrument. Atmospheric gasses and other

particles can absorb or cause scattering of photons emitted as ChlaF, causing a lower



measurement of SIF than ChlaF emitted (Porcar-Castell et al., 2021). There are multiple outside

impacts that have great effects on measurements of SIF and the decoupling from GPP.

Averaging of data encourages the coupling of SIF and GPP, allowing for the observation of a
proxy relationship. Frequently, satellite studies (in general) collect data over a whole day or for
multiple days. Over the days, weather and sun exposure change, which can cause lower or higher
measurements. This is because both photosynthesis and SIF are tightly associated with sunlight
intensity. So, as sunlight intensity fluctuates, one can expect SIF and GPP to fluctuate with it,
and, thus, be correlated. Averaging of SIF data over large time scales smooths changes that
might occur on a physiological level from SIF measurements (Marrs et al., 2020). This does not
often occur with leaf-scale measurements because they tend to be taken consistently in bright
sun, in the middle of the growing season, and are nearly instantaneous. This eliminates sunlight
intensity as a factor that can aid in correlating ChlaF and photosynthesis. There are fewer
changing variables in the small-scale measurements than in the larger-scale measurements, and

more subtle physiological trends can predominate.

In addition to data averaging over large sections of time, there also is not consistency in GPP and
SIF measurement sites. GPP and SIF measurements are both dependent on vegetation density—
greater vegetation density will typically produce high GPP and high SIF, whereas a site with
sparse vegetation will display lower values. Often, data from multiple sites (with differing
vegetation density) are averaged. When averaged, trends appear between GPP and SIF
displaying both as high in greater density and both low in sparser density—this allows large-

scale correlations to be established. Averaging site differences adds the variable of site without



acknowledging the impact of that on the measurements. At smaller-scale measurements, controls
for the density of vegetation are made, which minimizes variables—this allows for more direct

comparison.

The importance of scale is a compelling dimension of the study of SIF. Large-scale correlations
between SIF and GPP appear to be innovative and robust. However, further studies have
questioned the reason for the correlations and variables in SIF measurements that have not been
considered. These measurements still contain a wealth of information, but one cannot assume
that SIF is a proxy for photosynthesis at all spatiotemporal scales. Therefore, great care should
be exercised when employing SIF into analysis of environments to be applied to policies. We
hope that our smaller-scale measurements help to build a mechanistic understanding of the
relationship between photosynthesis and SIF to inform the boundaries of where and why one can

assume that SIF may serve as a proxy for photosynthesis.

Visual signs of drought

Water is necessary in plants for transpiration, nutrient movement, cell structure, and
photosynthesis. Many plants utilize mechanisms to tolerate drought that can be detected visually
and may impact SIF. One photoprotective measure against drought that plants employ is the
accumulation of anthocyanin (red/blue pigments common in plants). Turfgrasses can accumulate
anthocyanins during environmental stress such as drought (Petrella et al., 2016). The increase of
anthocyanin protects layers of chlorophyll-rich cells (Logan et al., 2015), limits photosynthesis,
reduces stress on the xanthophyll cycle (Cooney et al., 2018), and aids in water retention (Cirillo

et al., 2021). In addition, there is evidence that anthocyanins detoxify the build-up of reactive

10



oxygen species (ROS; Cirillo et al., 2021) that occur because CO; is not utilized in the Calvin
Cycle during drought (Eppel et al., 2013). Overall, anthocyanin accumulation is an advantageous
photoprotective mechanism utilized by plants that can be measured qualitatively and

quantitatively.

Senescence, leaf yellowing, is a visual indication of drought and a photoprotective mechanism
which appears in grasses more than other plants. Senescence of leaves is a species-specific
response which can be caused by drought to decrease the demand for water (Munne-Bosch &
Alegre, 2004; Bittman et al., 1988). During drought, ABA can increase, which induces
senescence by degrading chlorophyll, causing higher visibility of carotenoids (Munne-Bosch &
Alegre, 2004). Senescence allows plants to encourage root growth and hinder shoot growth by
limiting water and nutrient consumption by older blades that contribute less to the grass overall,
thus decreasing photosynthesis (Finkelstein, 2013; Sarath et al., 2014). When senescence is no
longer reversible, cell and blade death occur, allowing grass to decrease the use of a scarce water
supply, encouraging survival through a drought. When water becomes available again, grass will
regrow its canopy, which may be shielded by senesced blades from instruments positioned above
the canopy. As a result, fluorescence emitted by these new leaves may be masked and not

measured by SIF.

Leaf folding and wilting are other mechanisms plants employ to preserve themselves. Wilting is
a common plant response to drought and loss of turgor that is reversible but can cause death if
prolonged (Van Alfen, 1989). Wilting is observed in many plant species, but leaf folding is a

feature specific to grasses. When there is limited water, cells on the surface of grass blades lose

11



turgor and collapse, allowing leaves to fold. Then, when water returns, the turgor recovers, and
the leaf reopens. This occurs to limit transpiration—thus, further loss of water (Grigore & Toma,
2017)—and the area of the leaves available for absorbing photons, causing photoprotection
(Latif et al., 2023). All of these processes—both visual and those only measurable—are
important to the survival and resiliency of grasses. Wilting and leaf folding can decrease the
amount of blade considered in SIF measurements while not necessarily decreasing fluorescence

by the same proportion.

Physiological signs of drought

Plants react physiologically to water stress, and most of these processes can be measured before
they can be visually detected. Stomatal conductance decreases in drought as stomata close to
control water loss. This step is one of the earliest responses to drought (Munne-Bosch & Alegre,
2004). When the stomata close, plants reduce transpiration, which can impact photosynthesis
because CO> diffusion into the leaves is diminished (Hu et al., 2010). In addition, this can limit
evaporative cooling, further intensifying thermal stress (Leksungnoen et al., 2012). During this
reduction in stomatal conductance, plants may turn to photorespiration to create CO, which is
less beneficial as this process does not yield energy and produces a limited amount of CO>
(Eppel et al., 2013). While photorespiration is utilized during times of drought, it is an
energetically unfavorable and wasteful side pathway—photosynthesis, when possible, is far more
beneficial. The severity of a drought, therefore, can be quantified by utilizing measurements of

photosynthesis and stomatal conductance.

12



Past studies have found that photosynthesis, transpiration, and stomatal conductance were
decreased by drought (Hu et al., 2010). During a drought, depending on photoprotective
mechanisms utilized by plants, fluorescence may also decrease due to damage of the PSII
complex (Ge et al., 2011). In a boreal grass (Phalaris arundinacea L.), ChlaF and photosynthesis
have been shown to decrease as soil moisture declines regardless of the temperature (Ge et al.,
2011). In Eastern Cottonwoods (Populus deltoides; Helm et al., 2020), photosynthesis and SIF
have also shown decreases at different scales. Though drought can cause a decrease in
photosynthesis and SIF, SIF declines at a much smaller magnitude (or not at all), decoupling SIF
and photosynthesis. Studies demonstrate favorability of leaf-scale over canopy-scale ChlaF
measurements during drought because variables—and their impacts on ChlaF—can be better
accounted for. Further leaf-scale measurements of ChlaF may help us better understand the

mechanisms driving stress responses of SIF at the canopy scale.

Creating tools that can measure fluorescence and shifts within ecosystems can be beneficial as a
measurement of global change. Drought is the most common abiotic cause of growth reduction
in crops (Lovell et al., 2018) and can have great impacts on natural ecosystems due to its effect
on many species. Turfgrass makes up a large percentage of the Earth’s vegetation and is utilized
to create greener cities. Turfgrass, as opposed to plants in general, reacts to water stress with
species-specific mechanisms such as anthocyanin accumulation, senescence, and leaf curling.
Grass is important as a carbon sink (through photosynthesis), for soil retention, and as a food
source for animals (Craine et al., 2013). Understanding tolerance mechanisms to drought that
grasses employ can aid in studying them and their potential for carbon sequestration. Quantifying

photosynthesis in grasses is important for creating carbon budgets and policies. Therefore, it is
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crucial that there is an in-depth understanding of the tools and methodologies utilized for the
measurement of turfgrass carbon uptake. Measuring the relationships between fluorescence and
photosynthesis on a smaller scale can inform larger scale studies using flux towers and satellites.
Recognizing the bounds of SIF’s usefulness is needed as SIF is utilized for predictions and the
creation of carbon budgets (Marrs et al., 2020). My research is intended to define conditions that
lead to leaf-scale changes in fluorescence and photochemistry to inform the design of

experiments incorporating SIF measurements.

METHODS
Grass preparation
Tall fescue turfgrass seeds (Festuca arundinacea; Top Choice fine bladed fescue blend, Fulton,
MD, USA; certified by Oregon State University, Corvallis, Oregon, USA) were grown in flats
(17cmx 12.5 cm x 6 cm: 1 x w x h) in a greenhouse environment (Bowdoin College, Brunswick,
ME, USA; Fig. 4). Mid-day temperatures during the measurement period ranged from 13°C to
27°C with an average of 20°C. The position of the flats was rotated daily to account for unequal
sun exposure and temperature. Artificial overhead lighting was utilized to create 14
uninterrupted daily hours of light. The soil was kept moist initially, and, after the emergence of
blades, grasses were watered to pot capacity. After four weeks of growth, grasses (seven
replicates) were put in one of four conditions (day 0): control (90-100%), mild drought (50-
60%), moderate drought (35-40%), or severe drought (20-30%) where the percent represented
the fraction of flat weight compared to the fully water-saturated flat weight (pot capacity; Turner,
2019). Flats were weighed daily and watered—if lower than the condition limit—to the top of

their range. Flats were watered in a secondary containment to allow for adequate soil uptake.
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These conditions were maintained until day 19 when all flats were watered daily to pot capacity

until the conclusion of the experiment (day 29; Fig. 6).

Figure 4. Tall fescue turfgrass on day 0 and day 15 of experiment.

Tall fescue turfgrass was grown for four weeks in a greenhouse environment before beginning
the experiment. The position of the flats was rotated daily to allow even growth. Left) The photo
was taken on January 4, 2024 (day 0). Right) The photo was taken on January 19, 2024 (day 15).
Each flat represents a different condition. Control, mild drought, moderate drought, and severe
drought from left to right.

Leaf-level measurements

On day 0 of the experiment, measurements of the grass began. Measurements of photosynthetic
CO; assimilation and pulse-amplitude modulated (PAM) chlorophyll fluorescence were made
using the Licor LI-6800 photosynthesis analyzer (Lincoln, NE, USA). Three grass blades
(visually representative of the grasses in each flat) were isolated and fed into the center of the
measurement chamber. Average leaf width was determined prior to the experiment and utilized
throughout in the determination of leaf area measured in the chamber. Leaf-level measurements
were made using an internal lamp set to 1200 umol m™ s™! and a reference CO: concentration of
410 umol mol'!. The temperature of the chamber was set to 24°C, and the relative humidity was
kept at 40%. The light activated photosystem II (PSII) photochemical yield (¢psn) was calculated

as (F’m — Fs) / F’m where F’, represents maximum PAM fluorescence emission and F represents

steady-state fluorescence emission. The light-activated light use efficiency of PSII (F’y / F’1)
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was calculated as (F’'m — F’0) / F’mm and is inversely related to the level of energy dissipation

(Jones et al., 2023).

Photo analysis

Digital photos of the flats were taken each measurement day by an iPad and analyzed using
Image] to determine the green chromatic coordinate (Gc). The lighting, position of camera, and
flat position were kept consistent throughout the experiment (Fig. 5). When uploaded to ImageJ,
photos were separated into red (R), green (G), and blue (B) composite images. Analysis of the
color fractions within a region of interest centered on the flat was run to determine the

Gee: Gee = (Sonnentag et al., 2012). This value provides a quantitative measurement of

G
(R+G+B)

visible changes in greenness.
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Figure 5. Digital photo set-up for turfgrass image analysié. |
Digital photos were taken with an iPad from the same position, lighting, and height each day to
ensure consistency.

Chlorophyll and carotenoid analysis

Blade samples (0.4 cm?) were collected on each measurement day and stored at -80°C until
analysis, using methods from de Villier et al. (2017). On day 16, there was visible yellowing and
a decrease in photosynthesis measurements in the severe drought (Fig. 7)—only blades from this
day were analyzed. To extract the leaf pigments, each sample was macerated in a mechanical
ball mill (SPEX CentriPrep 8000D, Metuchen, NJ, USA) for five minutes in an Eppendorf tube
with a stainless-steel ball bearing and 450 pul of 80% chilled acetone. Then, the tubes were spun

in a chilled micro-centrifuge at 13,000 rpm for five minutes. The supernatant was transferred,

and the pellet was resuspended in 200 pl of 100% chilled acetone. The supernatant was kept in
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the dark and on ice. The tubes were centrifuged additionally and the remaining supernatant was
pooled. The supernatant was filtered through a 0.2 um nylon syringe-tip filter into high-
performance liquid chromatography (Agilent series 1100 HPLC, Santa Clara, CA, USA) sample
vials and stored at -20°C before HPLC analysis. A gradient method and a diode array detector
were utilized; absorption was measured at 445 nm (Dr. Maisch Allsphere ODS-1 S5um column,

Ammerbuch, Germany).

Anthocyanin analysis

Blade samples collected from day 16 and stored identically to “Chlorophyll and carotenoid
analysis” were macerated in a mechanical ball mill (SPEX CentriPrep 8000D, Metuchen, NJ,
USA) for five minutes in an Eppendorf tube with a stainless-steel ball bearing in 1 ml of 3M
HCI:H2O:MeOH (1:3:16, v:v:v). Then, the tubes were spun in a chilled micro-centrifuge at
10,000 rpm for five minutes. The absorbance of the solution at 530 nm and 653 nm with a
spectrophotometer (Beckman Coulter DU 640, Brea, CA, USA) was measured. Anthocyanin

levels were calculated as Aszo - (0.24 x Ass3) (Gould et al., 2000).

RESULTS
Photosynthesis decreases due to drought
Flats of tall fescue turfgrass were placed under conditions of control (90-100%), mild drought
(50-60%), moderate drought (35-40%), or severe drought (20-30%) where the percent
represented the fraction of flat weight compared to the fully water-saturated flat weight (pot
capacity). On day 16 (pre-watering), on average the control, mild, moderate, and severe droughts

were 85%, 45%, 28%, and 23% of their pot capacity respectively (Fig. 6). The flats reached their
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drought conditions around day 6 and then were rewatered on day 19 and recovered control pot
capacities by day 21 (Fig. 6). By day 8 there was a decrease in stomatal conductance (gsw) and
photosynthetic CO; assimilation (A) in the severe drought condition. On day 16 (pre-watering),
on average A was 9%, 37%, and 98% lower than the control in the mild, moderate, and severe
drought conditions respectively (Fig. 7 upper panel). On the same day, on average gsw was 21%,
57%, and 100% lower than the control in the mild, moderate, and severe drought conditions
respectively (Fig. 7 lower panel). Both gs and A recovered following rewatering. These findings

suggest that the most severe drought may cause the most severe decrease in photosynthesis.
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Figure 6. Tall fescue turfgrass was watered (or withheld from water) to achieve varying drought
conditions.
Flats of tall fescue turfgrass were placed under conditions of control (90-100%), mild drought
(50-60%), moderate drought (35-40%), or severe drought (20-30%). Flats reached the conditions
around day 6 (dotted line). Daily rewatering to pot capacity began on day 19 (dashed line).
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Figure 7. Drought conditions caused a decrease in stomatal conductance (gsw) and photosynthetic
CO; assimilation (A).

Measurements of photosynthetic CO; assimilation (upper panel) and stomatal conductance
(lower panel) were made using the Licor LI-6800 photosynthesis analyzer. Flats reached the
conditions around day 6 (dotted line). The severe drought was the only condition with a
statistically significant effect on A (p=0.0126) and gsw (p=0.0011; mixed model ANOVA). Daily

rewatering to pot capacity began on day 19 (dashed line). The gsw and A (in all conditions)
recovered after rewatering.

Drought may lead to an increase in energy dissipation

The severe drought condition caused a decrease in light activated PSII photochemical yield
(dpsn) seen greatly at day 16 with a recovery following rewatering (Fig. 8 upper panel). The
severe drought also caused a decrease in light use efficiency of PSII (F’y / F’i; inversely
proportional to energy dissipation), which also recovered following rewatering (Fig. 8 lower

panel). There was no significant effect of mild or moderate drought on these measurements. The
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negative ¢psi values (upper panel) reported in the severe drought are measurement artifacts

commonly observed when actual values are very near zero.
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Figure 8. Light activated PSII photochemistry yield (¢rsu) and light use efficiency of PSII (F’y /
F’m) decreased due to severe drought.

The severe drought condition caused a decrease in ¢psu (upper panel; p=0.0052, mixed model
ANOVA). The severe drought was the only condition with a significant decrease in F’y / F'ry
(lower panel, inversely proportional to energy dissipation; p<0.0001, mixed model ANOVA).
Both the ¢psu and F’y / F’i recovered following rewatering in all conditions. Flats reached the
conditions around day 6 (dotted line). Daily rewatering to pot capacity began on day 19 (dashed
line).
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Drought causes visible and physiological changes in chlorophyll content but not accompanying
anthocyanin accumulation.

Photos were taken daily of the flats, and the G.c was calculated using ImagelJ. The severe drought
caused a decrease in Gec (greenness; p<0.0001, mixed model ANOVA) which did not recover
after watering in the severe drought (Fig. 9 upper panel). Blade samples from day 16 were
analyzed utilizing HPLC, and total chlorophyll and total carotenoid content were determined.
Severe drought led to a significant decrease in total chlorophyll and total carotenoids as
compared to the control (Fig. 9 lower panel). This result demonstrates both a visible (Gec) and
physiological (chlorophyll and carotenoid) decrease of greenness due to severe drought. Blade
samples from day 16 were analyzed using spectrophotometry to determine the anthocyanin

levels. There was no significant difference in anthocyanin level due to drought (Fig. 10).
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Figure 9. Severe drought caused visible and physiological decreases in “greenness.”

Photos of the grass were taken on each measurement day and analyzed utilizing ImageJ. Drought
caused a decrease in G of the severe drought condition (upper panel). This recovered in the
control, mild drought, and moderate drought but not in the severe drought condition. Flats
reached the conditions around day 6 (dotted line). Daily rewatering to pot capacity began on day
19 (dashed line). Blade samples were collected from day 16 of the experiment and stored at -
80°C. HPLC analysis of the blades allowed for measurement of total chlorophyll (chlorophyll-a
and chlorophyll-b) and total carotenoid (violaxanthin, neoxanthin, antheraxanthin, lutein,
zeaxanthin, and beta-carotene; lower panel). p-value levels indicating the significance of the
treatment effects are shown with stars (***p < 0.001, t-test).
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Figure 10. Drought levels caused no change in anthocyanin level.

Blade samples were collected from day 16 of the experiment and stored at -80°C. Anthocyanin
levels were calculated with As3o - (0.24 x Ags3). No significant difference (p<0.05, t-test) was
found in anthocyanin levels between the conditions.

DISCUSSION
In this project, tall fescue turfgrass was placed in a 19-day drought followed by 10 days of
rewatering. Leaf-level measurements of photosynthetic CO- assimilation and PAM chlorophyll
fluorescence were made using a photosynthesis analyzer. This research aimed to build an
understanding of the impacts of drought severity and duration on photosynthesis and

fluorescence in turfgrass to be applied to future studies of SIF. This can aid in the recognition of

SIF limitations as a proxy for photosynthesis.
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Severe drought caused stomatal closure, photosynthetic inhibition, enhanced energy dissipation,
and senescence

The blade-level measurements revealed physiological impacts of drought, and daily image
collection created a greater understanding of visible changes due to drought. The mild and
moderate droughts were not stressful enough to invoke significant changes in any
measurements—only the severe drought caused a significant water stress and physiological
changes. Photosynthesis declined due to drought, which was exhibited as a decrease in A
(photosynthetic CO; assimilation) and gsw (stomatal conductance). ¢psiand F’y / F’ry (inversely
proportional to ED) decreased due to drought, thus a decrease in the photons siphoned to
photochemistry and an increase in energy dissipation were observed during drought (Maxwell et
al., 2000; Porcar-Castell et al., 2021). Therefore, when one partitioning pathway declines
(photosynthesis), another partitioning pathway compensates by increasing photon usage. While
gsw, A, and ¢psn indicate a decrease in photosynthesis, they do not specify the partitioning of

light to fluorescence.

Changes in the visible and measured greenness and anthocyanin accumulation were measured.
The severe drought condition caused a decrease in chlorophyll and carotenoid content,
suggesting the photoprotective mechanism of senescence (Munne-Bosch & Alegre, 2004;
Bittman et al., 1988). A decline in chlorophyll content (through senescence) and leaf area in the
field of view (through leaf folding and wilting) lead to a decrease of G in the severe drought.
The decrease in G lead to an increase in Bec without the photoprotective mechanism of
anthocyanin accumulation. Because R, B, and G must sum to unity, the decrease in G will lead

to an increase in B or G without necessarily increasing blue or red pigments in the grass. Thus,
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turfgrass experiencing severe drought may utilize photoprotective mechanisms of senescence
without anthocyanin accumulation to limit the amount of shoot growth and encourage survival

(Sarath et al., 2014).

Predictions

Past studies have measured the impacts of different photosynthesis inhibition assays (mainly
through inhibiting gs). A 2-day study by Marrs et al. (2020), utilizing ABA and a pressure cuff,
detected decreases in A and gsw on the leaf scale. In addition, no significant change in SIF was
measured, suggesting that photosynthesis and SIF may not be correlated. The withholding of
water in my study led to a decrease in A and gsw, thus photosynthesis. Because similarly this was
observed in Marrs et al. (2020), it could be assumed that our conditions may have caused no
change in SIF early in the experiment. However, our study had a prolonged drought, so there is a

possibility that a change in SIF would come later than can be predicted from Marrs et al. (2020).

Jones et al. (2023), in a 4-day study, measured the difference between ABA and withholding
water on photosynthetic measurements. In the ABA condition, a decrease in photosynthesis and
SIF and an increase in ED were measured. While in the watering condition there was a decrease
in photosynthesis, a decrease in SIF and NDVI (greenness index) were not detected until after
rewatering (day 3). In my study, a decrease in photosynthesis and increase in ED were found in
the severe drought condition. But, like Jones et al. (2023), in the early implementation of
drought, there was no change in ED nor greenness (Gcc). Thus, if my data followed the same
trend as Jones, at the beginning of the experiment, no change in SIF may be detected. But, later

in the study (day 16), when an increase in ED and decrease in greenness (chlorophyll content and
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Gec) was detected, I expect SIF may decrease. Their work suggests that SIF is less correlated to
photosynthesis and instead impacted when changes in ED, greenness, and leaf area—through

folding—are observed.

The studies of Marrs and Jones were 2 and 4 days respectively. A study of my length (29 days)
provides further information for future work, especially with the knowledge that measurements
at day 16 differ from measurements on day 2 and 4. Because there are few studies of drought on
SIF measurements of this length, it is important to build further research to create an
understanding of the temporal changes of SIF. Knowledge on when recovery is expected and for

what conditions and measurements will be helpful in designing these future experiments.

Conclusion and further directions

My study has provided an understanding of the temporal, physiological, and visible impacts of
drought on turfgrass. This is valuable information to be applied to future studies and SIF
research. SIF measurements as an inclusion to this study would give further information about
the coupling or lack thereof of SIF and photosynthesis. An understanding of the impact of leaf
curling and senescence on SIF would be beneficial to inform policy decisions. It is crucial that
further research into the impact of drought on SIF is completed and considered when utilizing

this novel data to build awareness of carbon uptake and the regulation of carbon budgets.
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