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Abstract Spartina alterniflora has a distinct flood-adapted morphology, and its physiological responses
are likely to vary with differences in tidal submergence. To understand the se responses, we examined the
impacts of tidal inundation on the efficiency of Photosystem II (pPSII) photochemistry and leaf-level
photosynthesis at different canopy heights through a combination of in situ chlorophyll fluorescence (ChIF),
incident photosynthetically active radiation, and tide levels. Our result showed small declines (7%—8.3%) in
@PSII for air-exposed leaves when the bottom canopies were tidally submerged. Submerged leaves produced
large reductions (30.3%—41%) in gPSIL Our results suggest that when submerged, PSII reaction centers in 5.
alterniflora leaves are still active and able to transfer electrons, but only at ~20% of the typical daily rate. We
attribute this reduction in @PSII to the decrease in the fraction of “open”™ PSII reaction centers (10% of the
total) and the stomatal conductance rate caused by the tidal submergence. To our knowledge, this flooding
induced leaf-level reduction of @PSII for 8. alterniflora in field settings has not been reported before. Our
findings suggest that canopy-level gPSII is dependent on the proportion of submerged versus emerged leaves
and highlight the complexities involved in estimating the photosynthetic efficiency of tidal marshes.

Plain Language Summary The photosynthetic performance of coastal marshes, an important

blue carbon ecosystem, under tidal flooding has not been extensively studied. Our study aimed to understand
and analyze coastal marsh plant photosynthesis under varying tide heights and answer a few fundamental
questions related to the differences in the photosynthesis rates between air-exposed and submerged parts of

the canopy. Our field observations on the relationship between leaf-level chlorophyll fluorescence of Spartina
alterniflora marsh plant and tide levels showed that photochemical efficiency differed markedly based on leaf
submergence. Additionally, we observed greatly reduced but active underwater photosynthesis activities in fully
submerged leaves, suggesting that 8. alterniflora potentially remains a carbon sink during tidal inundation. We
conclude that the impact of flooding on leaf-level photosynthesis is driven by their submergence status, and the
proportion of emerged and submerged leaves is a significant variable in estimating the photochemical efficiency
at the canopy scale. This study can help establish empirical links between canopy chlorophyll fluorescence

and carbon fluxes and improve carbon budget estimations at larger scales for these increasingly fragile and
important blue carbon ecosystems.

1. Introduction

Tidal marshes are among the most productive ecosystems, and an important carbon (C) sink in the global carbon
cycle (Bianchi, 2006). The average C burial rate of coastal salt marshes is as much as 1,713 g C m 2 yr ! in
sediment, ~35 times higher than in terrestrial forests (McLeod et al., 2011), which provides the key scientific
motivation to understand salt marsh productivity across space and time. Salt marshes experience periodic tidal
flooding, which affects plant production (Hawman et al., 2021; O'Connell et al., 2021) and photosynthetic rates
(Kathilankal et al., 2011). However, only a handful of studies have been conducted to understand photosynthetic
behavior under flooded conditions within tidal marshes (Duarte et al., 20035; Kathilankal et al., 2008). Pereshki
et al. (1993) showed that a congener, Spartina patens, had a 465 reduction in rates of photosynthesis and 18%
reduction in carbon assimilation under hypoxic (flooded) conditions in microcosm experiments. Kathilankal
et al. (2008) used field measurements during tidal flooding to demonstrate a 66% reduction in photosynthetic
activity of the submerged salt marsh plant, Sparfina alterniflora, Loisel (8. alterniflora) (Kartesz, 2015; USDA
& NRCS, 2020) (= Sporobolus alterniflorus; Peterson et al., 2014a, 2014b). But this reduced photosynthetic rate
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underwater may not translate directly to differences in gas exchanges, as Forbrich and Giblin (2015) found reduc-
tions in canopy-level gas exchange from tidal inundation only had a small effect (2%—4%) on seasonal carbon
budgets. Because of the variations in results reported by these limited number of studies and their varying scales,
more studies are needed to understand salt marsh photosynthetic performance during both high and low tides. i.e.,
during different levels of plant submergence, to better estimate their primary production budgets. More impor-
tantly, studies are needed to answer a few fundamental questions, such as (a) do marsh canopies photosynthesize
underwater? (b) if yes, what are their photosynthesis rates? (c) how does the photosynthesis rate vary between
air-exposed and submerged parts of the canopy under moderate to high tidal flooding?

This study is aimed at answering the above gquestions by evaluating the influence of tides on chlorophyll fluo-
rescence (ChiF) and photosynthetic performance in marshes dominated by the salt marsh plant, 5. alterniflora,
a perennial graminoid species tolerant of intermittent tidal flooding and high salinities. 8. alterniflora is often
found in monoculture across broad marsh areas that correspond to its physiological tolerances. We focused on
8. alterniflora because it is the most common salt marsh plant along the southeastern coast of the United States
(Ainouche et al., 2004), and is further found on all three coasts of the conterminous United States and nearly
every continent globally as either a native or invasive species. Thus, a better understanding of 8. alterniflora
photosynthesis dynamics is important because of its broad spatial coverage. Further, other common marsh plants
also grow in monoculture, such as 8. patens and Juncus reemerianus, two other species that are widespread on
the southeastern coast of the United States (Gleason & Zieman, 1981; Smart, 1982), and which respond to similar
ecological drivers. Thus, our 8. alterniflora study is the first step toward understanding more broadly salt marsh
photosynthesis dynamics in field settings.

Studies of photosynthesis through leaf-level methods in an intertidal environment are not commeon (Giurgevich &
Dunn, 1979; Kathilankal et al., 2011). Most sudies used the CO, exchange between salt marshes and the atmos-
phere measured by eddy covariance systems to passively investigate tidal influences on marsh production at broad
scales (Artigas et al., 2015; Bomneville et al., 2008; Forbrich & Giblin, 2015; Kathilankal et al., 2008; Moffett
etal., 2010; Morris et al., 2013; Nahrawi et al., 2020; Schifer et al., 2014). These measurements provide valuable
data on canopy-scale dynamics of salt marsh production. However, this essentially solves an inverse problem
by measuring CO, fluxes to infer photosynthesis under tidal inundation. The reduction in canopy-scale CO,
exchange is not a direct indicator of the reduction in photosynthesis rates under tidal flooding, instead, it could
likely be due to other factors such as laterally exported dissolved CO,, low diffusion rates of CO, between the
water column and atmosphere, or reduction in soil respiration by incoming tides (Gélfalk et al., 2013; Kathilankal
et al., 2008). Therefore, the eddy covariance tower scale may not be able to accurately reflect leaf-scale dynamics
in photosynthesis during tidal inundation.

Recently, satellite-based solar-induced chlorophyll fluorescence (SIF) measurements emerged as a key indi-
cator in studies estimating vegetation photochemical performance and productivity (Frankenberg et al., 2014;
Mohammed et al., 2019; Rossini et al., 2010). Studies have found close correlations between satellite SIF, a
measurement of passive ChiF during satellite overpass, and gross primary production (GPP) in terrestrial ecosys-
tems, including forests (Yang et al., 2015), croplands (Guanter et al., 2014), and grasslands (Verma et al., 2017)
at multiple spatial-temporal scales (Sun et al., 2017; Zhang et al., 2016). These studies provide valuable results on
ecosystem-scale vegetation photosynthetic dynamics in response to environmental gradients. However, applying
these models to coastal wetlands has so far been limited (Huang et al., 2022) because we lack a comprehensive
understanding of leaf-level ChiF-SIF-GPP relationships in ecosystems where tidal flooding or saturated soils
introduce uncertainties in the SIF signal, which is a emote sensing measurement similar to spectral reflec-
tance. For example, there are large uncertainties in reflectance measurements caused by canopy submergence
during tidal flooding (Ghosh et al., 2016; Kearney et al., 2009; O"Connell et al.. 2017), which may decouple
reflectance-based models from their ecological underpinnings. In order to have a more reliable and cost-efficient
SIF-based GPP estimation for flooded salt marshes at broader scales, there is a critical need to link high-frequency
ChIF on leaf level (active) to passive ChiF measurements retrieved from remote sensing platforms (Magney
etal., 2017; Meeker et al., 2021). This will allow us to understand the spatiote mporal variability in photosynthetic
performance and the associated environmental drivers in salt marshes.

Active measurements of the quantum yield of ChiF with pulse-amplitude modulated (PAM) fluorometry have
been used to study the acclimation of the photosynthetic apparatus at the leaf level for several decades (Bilger
et al., 1995; Maguire et al., 2020; Porcar-Castell, 2011; Porcar-Castell et al., 2008). ChiF is a key parameter in
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studying plant photosynthesis because it carries detailed information about the redox state of photosystem I1
(PSII) within chloroplasts (Murchie & Lawson, 2013). The underlying mechanism of using ChiF to study the
photosynthetic performance is straightforward. Light energy captured by chlorophyll in PSII undergoes three
energy dissipation processes, often in combination, such that (a) it can be used to drive photochemistry; (b) it can
be lost from PSII as heat, or (c) it can be re-emitted from PSII as ChiF. Because these processes compete for the
same light energy and PAM fluorometry is able to instantaneously inhibit the photochemistry of PSII (quenching
of the fluorescence signal by plastoguinone reduction) by a high-intensity light pulse, the analysis of the lkeaf-level
ChiF yield measured by PAM fluorometry provides direct, continuous information about changes in photosynthe-
sis resulting from environmental drivers such as tidal flooding.

In this study, we evaluated the applicability of high-frequency leaf-level ChiF measurements from PAM fluorom-
etry to examine the impact of tidal flooding on the photosynthetic processes and dynamics in salt marshes under
natural field conditions. Our specific objectives were to (a) evaluate the feasibility of using field-based PAM fluo-
rometry for continuous measurements of ChiF in an intertidal salt marsh; and (b) to study the variations in ChiF
parameters and photosynthesis in 8. alterniflora marshes under natural solar radiation and variable tidal flooding.

2. Materials and Methods
2.1. Study Site

Owr study was conducted on the coast of Georgia on Sapelo [sland within the Georgia Coastal Ecosystems Long
Term Ecological Re search (GCE-LTER ) site. Sapelo Island is a state-protected barrier island that contains over 40 ha
of salt marsh dominated by a monoculture of 5. alterniflora (Bortolus et al., 2019). We deployed the PAM fluorom-
eters at the Keenan Field marsh site on the west side of Sapelo Island (Latimde 31.444°, Longitude —81.283%). 8.
alterniflora in this area varies in height along an elevation gradient, with tall-form plants (> 100 cm) along the low
elevation creekbank, medium (50-100 cm), and short-forms (< 50 cm) in intermediate and high marshes, respectively.
Medium-form plants are the most typical plants in this area ((fConnell et al., 2019). Our field data were collected
from 11 July 2020 to 27 July 2020, in the marsh interior at a tall-form to medium-form ecotone, ~23 m east of the
Duplin River, and ~8& m north of the nearest tidal creek. Mean siem heights of our study plants were 110 + 2.3 cm.
The elevation of the study location averaged 72 cm NAVDSE based on centimeter-accurate in situ RTK measure-
ments, which is an intermediate marsh elevation in this area, where elevation ranged from 20 to 110 cm (Alber &
'Connell, 2019). This marsh is flooded twice daily by tides, with typical tidal heights from 0 to 120 cm on the marsh
platform (Hawman et al., 2021) and a mean range of 2 m. During the majority of tidal inundation periods, 5. alterni-
flora was only partially submerged, and leaves at the top of the canopy were exposed to the atmosphere. During our
sampling period, the study site did not experience any disturbance (e.g., hurricane, dieback, wrack deposition).

2.2, Leaf-Scale Chlorophyll Fluorescence Measurements

We used the aquatic version of a monitoring PAM chlorophyll fluorometer to measure leaf-level ChiF (Heinz Walz
GmbH, Effeltrich, Germany). The aguatic Monitoring PAM fluorometer consists of one data acquisition logger
(MONI-DA/SS), one PC interface box (MONI-IB4/USB), and four emitter-detector units (MONI-HEADVS). They are
connected using waterproof data communication cables (R5-485/5). A built-in battery and 300 Megabytes microSD
card are sealed within MONI-DASS, which allows for consistent monitoring of ChiF under frequent flooding condi-
tions (water resistance up to 75 m). MONI-HEALVS is a compact (~250 g) 3-cm wide by 28-cm long water-tight
aluminum cylinder with built-in photosynthetically active radiation (PAR ) and temperature sensors. [t also has a blue
LED light (peak at 455 nm) that is used to deliver measuring light, actinic light, as well as a saturating pulse, which
are situated within a sample clip for modulated fluorescence measurements. The leaf clip was mounted at a distance
of 2.5 cm and 120° from the lens. We inserted two to three pairs of green and healthy 8. alterniflora leaves intoeach
sample clip because a single 8. alterniflora leaf, particularly at the top of the canopy, was not wide enough to cover
the entire clip. We also placed a black high-density foam behind the sample clip to eliminate background interfer-
ence. In addition, we added polyurethane (PU) foam at the top and bottom edges of the clip holder to maximumty
simulate and promote the seawater flow through the monitored sample leaves and ensure that those leaf samples
remained in place for an extended period, in particular during tidal inundation. It also reduced the etiolation symp-
toms of our monitored leaves as it remained healthy throughout the experiment. The field pictures (Figures 31 and
52 in Supporting Information 51) demonstrate the unchanged conditions of the leaves before and after the deploy-
ment. The intensity of measuring light at the sample clip level is adjustable, ranging from 0.1 pmol m~? 57! at low
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Figure 1. Field picture of leaf-level ChiF measurement system. (a) A custom-made PVC frame that supports ChiF
measurements from Sparting alterniflora at the top and bottom of the plant canopy, and (b) a detailed view of the
MONI-HEAINS installed at 33 cm from the soil surface with a clip to measure §. alterniflora leaves at the bottom of the plant
canopy. Note that the §. alterniflora leaves remain healthy in the sample clip.

frequency (3 Hz) to 15 pmol m~? 57! at high frequency (500 Hz). The same blue LED emits up to 1,500 pmol m2 s~!
actinic light and up to 2 s saturation pulse for maximally 6,000 pmol m™? 57! at the sample clip level. A filter is used
within the lens of MONI-HEADVS to exclusively isolate the reflected ChlF signal at wavelengths >645 nm.

To ensure robust ChiF measurements during tidal inundation, we built a rectangular PYC frame from l-inch
PVC pipes for MONI-HEALVS deployment (Figure 1a). Each corner of the rectangular base was secured to the
soil by a PVC leg (screwed to the frame and inserted into the soil 60 cm). The two long sides of the base were
connected by a PVC pipe (80 cm in length). From the middle of this connector, a central PVC pipe (110 cm in
length) rose vertically from the center position of the rectangular base, creating a stable mount for the sensor. We
used two MONI-HEAD/S to measure the tidal influences on ChiF of 8. alterniflora at two different stem heights:
one each at the top of the canopy (TOC) and bottom of the canopy (BOC), ~105 and 35 cm from the soil surface.
MONI-HEALVS were installed on the custom-made PVC frames (Figures la and |b). The position of the top
sensor was determined by the marsh plant height (average canopy height was 110 + 2.3 cm during sampling). The
bottom sensor position was determined by the height of the leaves lowest on the plant stem.

ChiF parameters, including maximum ChiF in dark (F_) and in light (F_ '), minimal ChiF in dark (F), and
steady-state fluorescence (F') were measured by each MONI-HEATDVS. The intensity of the measuring light
was set as 0.1 mol m~? 5~! under “low-frequency” mode in dark and 15 pmol m™? 5™' under “high-frequency™
maodel in light, respectively. The saturation light used maximum photosynthetic photon flux density (PPFD) with
0.8 s integration time. The measuring light switched off after each saturating measurement but automatically
switched on before the next saturating pulse. 8. alterniflora leaves were sampled at 5-min intervals, resulting in
288 data points collected daily, which allowed us to continuously monitor the influence of tides on 8. alterniflora
photosynthetic activities. The final data set included 4,896 observations from each MONI-HEALVS, with 9,792
observations in total. All measured and derived ChlF parameters are listed in Table | and described below.

Fluorescence measurement provides leaf-level information on the acclimation of PSII energy partitioning in a
natural environment (Adams & Demmig-Adams, 2004; Baker, 2008; Logan et al., 2007). The F, and F_ were
measured in the dark-adapted state (i.e., predawn). The maximum quantum yield of PSII was calculated following
Maxwell and Johnson (2000) as

F

Fm = (Fir - FU‘.UF&

wheme F/F_ indicates the maximal photosynthetic potential of a dark-adapted leaf with no heat dissipation and
all reaction centers open.

PSII operating efficiency (pPSID) is the fluorescence parameter that indicates the efficiency at which light is
absorbed by PSIL @PSII is used for a light-adapted leaf and estimates photochemistry yield. @PSII was deter
mined following Genty et al. (1989) as:

@PSll =(F,— F)/F,

where F_' is the fluorescence maximum in the light-adapted state, and F’ is the fluorescence yield at which
the absorbed radiant energy is emitted from the 8. alterniflora leaf in actinic light conditions. Theoretically, F”
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Table 1
Description of Chlorophyll Fluorescence Parameters Used in This Study
Parameter Definition Measurement
F Minimal fluorescence measured from a leaf in the dark Measured after dark-adapied leaf exposed
to weak measuring light
Fa Maximum fluorescence measured from a leaf in the dark Measured after dark-adapied leaf exposed
to saturating light pulse
F, Range in leaf fluomscence during dark conditions Difference in fluorescence between F
adF: F, =F_-F,
FiF_ Maximum guantum efficiency of PSII; the range in fluomscence versus maximal fluorescence during dark Proportion of fluorescence: F/F
conditions
F The steady-state level of fluorescence measured from leaf in the ambient actinic light. Sometimes eferred  Measured under ambient light conditions
to a5 F, in the lieratoe before any saturating light pulse
For Maximum leaf fluorescence measured in the ambient actinic light Measured under ambient light after the
leaf is exposed to saturating light pulse
' Range in leaf fluomscence from in actinic light Difference in fluorescence between F_
and F':F'=F'— F'
P Sl PSII operating efficiency: the proportion of light absorbed by PSII that is used for photosynthesis Propartion of fluorescence between F '

andFE’: FH’IFE’

Note. The parameter with a prime (*) notation represents measurements from the leaf under continuous actinic light that drives photosynthesis. The parameter without
4 prime represents continuous measurements from the leaf in the dark, where modulated measuring light absorbed by PSII is wsed completely for photochemistry.

is higher than F; as the primary guinone acceptor ((J, ) cannot become maximally oxidized (i.e., PSII reaction
centers are not completely open) in light environments (Baker, 2008). In addition, F_" should be lower than
F_ because of an increase in the efficiency of heat dissipation (i.e., nonphotochemical quenching—MNP(Q)) with
increasing light intensity (Murchie & Lawson, 2013).

2.3. Leaf-Scale PPFD Measurements

To carefully examine the impact of tidal inundation on the photosynthetic dynamics of salt marshes, we continu-
ously measured the incident PAR that plants received at different stem heights under natural field conditions. We
used LI-192 (LI-COR Biosciences, Lincoln, NE), an underwater quantum sensor that is accurate in air and underwa-
ter. To minimize reflectance interference from the instrument frame, upwelling and downwelling quantum sensors
were fixed on a black finished metal frame (LI-COR 20095 lowering frame), and then mounted on black painted
PVC pipes (l-inch diameter PVC pipes, henceforth expressed as “PAR tree™; Figure 2a). Two PAR trees were
deployed to simultaneously measure downwelling PAR at different stem heights of the plant (at 105 and 35 cm from
the soil surface, respectively), which corresponds to the heights of the TOC and BOC PAM me asurements described
previously. The PAR acquisition frequency was programmed to match PAM ChiF data. We then used a waterproof
cable (LI-COR 2222UWB) to transmit PAR to a XLite 9210B data logger (Sutron Corporation, Sterling, VA).

Figure 2. Field deploy ment of quantum and pressume transducer sensors. (a) A set of LI-192 quantum sensors measuring
upwelling and dowmwelling photosynthetically active radiation (PAR) at the top of the marsh with the help of the customized
frame. (b) A customized PVC well with fabric cover and infiltration holes which was built to secure Hobo data logger for
continuous water height measurements caused by tidal inundation.
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We calibrated the PPFD data obtained from underwater quantum sensors (LI-192) for both in-air and under
water conditions. The photon intensity at different plant heights was determined following the factory LI-192
calibration equation: Radiation = Measured Current x Calibration Multiplier. Where the measured current was
the output of the sensor in microamps, and the calibration multiplier was a multiplier that distinguishes sensor
operating conditions. For example, an underwater multiplier is always greater than an in-air multiplier because
of the immersion effect. We applied an immersion coefficient multiplier to the BOC quantum sensor when it was
fully submerged. In this context, we postcalibrated 2,186 downwelling measurements from the quantum sensor
at BOC with the corresponding tide height and immersion coefficient multiplier. We did not apply underwater
multiplier to the TOC measurements because it was never submerged during the sampling.

2.4. Tide Height Measurements and Plant Submergence

We used HOBO U0 Water Level Data Logger (Onset Computer Corporation, Bourne, MA) to record water table
heights near the PAM fluorometers. These water table measurements were taken ~4.8 m east of MONI-HEAD/S
at an elevation of 0.76 m NAVDEE. We placed the sensor in a well (2-inch diameter PVC pipe) that was 120-cm
deep under the vegetated marsh soil surface. We drilled infiltration holes every 20 cm on four sides of the PVC
well to stimulate groundwater flow. We also used a fabric cloth as a cover to prevent sedimentation (Figure 2b).
The HOBO logger was programmed to collect well water level data in 5-min intervals, concurrent with ChiF
measurements. We calculated water table height relative to the soil surface for MONI-HEALVS and “PAR trees™
by subtracting the soil surface elevation at the sensor location from the water height. Thus, water table heights
below the soil surface are negative.

To determine the influence of tidal inundation on the photosynthetic performance of 8. alterniflora. We desig-
nated three conditions of tidal inundation from the BOC perspective, including fully submerged, partially
submerged, and airexposed. In our study, airexposed indicates leaves that are exposed to the atmosphere. Fully
submerged indicates conditions when the BOC leaves are completely submerged. Partially submerged represents
conditions when leaves at the height of BOC sensor are exposed to the atmosphere, but plants below the BOC
sensor are fully submerged. This is a transient period for plants between getting submerged in rising tide (tide
maoves in) and being exposed with the receding tide (tide moves out). TOC leaves were always exposed in the air
during our sampling period. We also selected midday flooding that peaked between 10:00 and 16:00 US EST
following Kathilankal et al. (2008).

3. Resuli
3.1. Environmental and Tide Level Data

Daily time courses of tidal inundation over the soil surface are shown in Figure 3a for 11-27 July 2020. A
horizontal dashed line indicates tide heights that inundated the BOC MONI-HEADVS at 35 cm above the soil
surface. Two tide peaks were recorded on most days, and tidal flooding rarely exceeded 25 cm above the soil
surface during the beginning of sampling (between 11 and 15 July 2020). However, in the latter half of July, the
maximum tide height was >45 cm above the soil surface, which covered the base of the stem and submerged the
BOC MONI-HEALVS.

Diurnal dynamics of PAR on TOC and BOC leaves of 5. alterniflora are shown in Figure 3b for 11-27 July 2020.
In general, the diurnal variation in PPFD shows a similar pattern on the TOC and BOC leaves, albeit leaves at
BOC receive much fewer photons during midday. For example, during tide inundation on 12 July, airexposed
leaves at TOC received an average 1,449 + 52.2 (mean + SD) PPFD compared to 736 + 35.3 (mean + SD) m
ol photons m~? 57! received by completely submerged leaves at BOC. Results will be presented in the form of
mean + standard deviation (SD) in the rest of the paper unless otherwise noted.

3.2, Diurnal Leaf-Scale Fluorescence Variations

An example of the continuous TOC and BOC ChIF parameters measured by PAM fluorometers is shown in
Figure 4 for 27 July 2020. 27 July was the fourth day in a row when the maximum tide level reached >45 cm over
the soil surface. The fluorescence yields observed from leaves in the dark showed differences in the fluorescence
yield within the canopy. For example. F; measured from the TOC leaves were 2 times greater than BOC leaves
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Fignme 3. Daily environmental variables collecied between 11 and 27 July 2000 from Sparting alterniflora (5. alterniflora) marsh at Sapelo Island, GA: (a) The bloe
line represents the daily tide cycle and highlights the tide level of each peak tide over the soil surface (= 0 cm). The dashed horizontal line indicates the deploy ment
position of emitier-detector sensor (MONEHEAINVS) at the bottom of the canopy (BOC), which becomes completely submenged when tide height is =35 cm from the
soil surface. Note that the top of canopy MONI-HEAIVS at 105 cm, were never submenged during the study. (b) The green and red lines illustrate the diurnal change
pattern and peak of photosynthetic photon flux density (PPFDY) incident on TOC and BOC leaves of 8. alterniflora, respectively. BOC Leaves received diminished
PPFD compared to leaves at TOC. The low PPFD for the BOC sensor on 18 Tuly is most likely due to increased light attenuation from higher turbidity observed at the
nearest NOAA National Estuarine Research Reserve Systemn (WERRS) water quality monitoring station data (not shown).

(TOC F range: 200.25 + 4.14;: BOC F range: 102,47 + 3.75). F_ measuremenis followed a similar ratio, with
higher TOC F_ and lower BOC F_ (TOC F =906 + 2.74; BOC F_ = 469 + 2.83). However, we found similar
FJF_ (mean = 0.78) on both TOC and BOC leaves (Figure 4a).

Diurnal variations of F* and F_' illustrate responses of PSII to within canopy differences in the natural envi-
ronment (i.e., natural light and heat stress) (Table 2). The TOC F* and F_’ variations can be grouped into three
general stages (Figure 4b). First, after sunrise (TOC PAR > 0), F_' started decreasing immediately, and F* rose
sharply with a corresponding reduction in F". These phenomena denote that the TOC leaves are highly sensitive
to PPFD and heat increases after sunrise, indicated by a decrease in F_'". However, a decrease in the ability to
oxidize {7, , indicated by a larger increase in F* (Table 2), is the main factor that determines the change of pPSII
after sunrise (Baker, 2008; Maguire et al., 2020). Second, both F_" and F* changed in a similar fashion during
the day despite tidal inundation at the BOC. For example, F* and F_' stayed relatively constant with an average
midday range of 439 + 11 and 614 + 17, respectively. The lowest F " occurred in the early afternoon (F "= 571
at 13:05), when the ambient air temperature was 31.59°C, and light radiation was intense at 1,953 pmol m sl
This daytime change pattern of fluorescence yields in & alterniflora during flooding is similar to those that
were reported in Pinws sylvestris, Fagus sylvatica, and Cucurbita pepo (Bilger et al., 1995; Porcar-Castell, 2011;
Porcar-Castell et al., 2008). Therefore, all of these observations illustrate that fluorescence yields at the top of
the marsh canopy are only slightly affected by tidal flooding as long as the top of the canopy is air-exposed, even
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Fignme 4. Diormnal dynamics of chlorophyll fluorescence (ChlF) parameters observed at 5-min intervals during a high tide period that occurred in the middle of the day
on Z7 July 2020: (a) PSII operating efficiency (pPSII) at the top of the canopy (TOC) (1035 cm, solid line) and bottom of the canopy (BOC) (35 cm, dotted line); (b
and ¢) maximom ChiF (dotted line) and corent ChiF emissions (become F, at night) (solid line) observed from the TOC and BOC, respectively. Blue points indicate
the variation in ChiF parameters during tidal flooding when the maximom tide height was 45 cm above the soil surface, which should significantly submerge the BOC
sensor head. The shaded area indicates nighttime observations when photosynthetic photon flux density (PPFDY) = 0, a prime (") notation used after Chl parameters that
represent daytime measurements when photosy nthesis is occurring.

at times when the BOC is submerged. Third, in the early evening, both F* and F " experienced recovery with a
steady decline of F* and a constant rise in F_". This recovery was almost completed before darkness when the
measurements of F* and F_' reached close to Fy and F_, respectively. No obvious fluctuations in fluorescence
yields were observed at night.

Tabhle 2

Summary of Variation af Averaged Chlorophyil Fluorescence (ChiF) Measurements After Dawn (0 = PAR < 266 pmol m—2 577)
During the Entire Sampling Period

Early morming % Change of
Parameters  Dawn (0 < PPED < 10) (10 < PPFD < 266) ChiF after dewn
Top of the canopy (TOC) Fr 207 £31 442 + 68 +113%
For 877 £54 678 + 98 —12%
Bottom of the canopy (BOC) Fr 109 + 32 182 + 56 +67%
For 458 + 12 M+ a7 —17%

Note. F' measured at the top of 8 alterniflora canopy increased by 113% on average after sunrise, while simultancously, F '
decreased on average by 22%. Overall, F' and F_" measurements from the BOC present similar patterns of variation with the
TOC ohservations after dmwn but with differences in the magnitude of fluctuation. The unit of PAR is pmol m—2 51
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Table 3
Variation of PSII Operating Efficiency (@PSI) at the Top (TOC) and Bottom (BOC) of the Spartina Alterniflora (8. Alterniflora) Cancpy During (a) High Tide and
(b) Low Tide Flooding

High tide flooding
a TOC BOC
Tide height 235cm Diry* 0-35 cm 235m Diry*
Submergence Air-ex posed Air-exposed Air-exposed Partially submenged Fully submerged Airexposed
P SII (mean + 5D 028 +0.03 0.28 + 0.03 0.30 + 003 0.33 +0.06 0.23 + 005 0.39 + 005
% Changes —7.0%* —15.4%* —30.3% —415%*
Low tide flooding

b TOC BOC
Tide height 0-25 cm Diy* 0-25 cm Dy *
Submergence Airexposed Air-exposed Partially submerged Airexposed
@PSIl (mean + 5D 033 +0.03 036 +0.04 034+ 004 0.40 + 005
% Changes —B.3%* —150%*

Note. Changes (%) in @PSII for 8. alterniflora leaves between air-cxposed, partially submerged, and fully dry (nonflooded) conditions during high tide when the
maximum tide height fully submerged BOC MONI-HEAINS and during low tide when both TOC and BOC MONI-HEAIVS were airexposed doring the maximum
tide. Asterisks (*) denote percent change from nonflooded conditions in @PSII at different tide heights. There were pronounced reductions in P8I in partially or fully
submerged 8. alterniflora keaves compared to nonflooded conditions. We observed <10% changes in @PSII in air-cxposed TOC during both tidal events.

Diurnal variation of fluorescence yields at the BOC also had three general stages, but it was more complex and
variable due to the influence of tidal inundation, which sometimes submerged the BOC leaves (Figure 4c). First,
after sunrise, F* increased immediately, but F_’ stayed constant and started decreasing about 1 hr later. Second.
fluorescence yields at the BOC present similar patterns of variation with the daytime TOC observations but with
differences in the magnitude of fluctuation. For example, F* and F_" stayed steady within the range of 127 £ 4.5
and 207 + 10, respectively, before tidal flooding (Figure 4c). However, tidal inundation led to large fluctuations
in fluomescence yields in the BOC leaves. For example, on 27 July 2020, the tide started rising at 12:33, peaked
at 14:335, at a height that submerged the BOC leaves, and then gradually decreased until it completely subsided
at about 16:25. When tides were highest, a maximal F_' of 426, which is close to F_, was observed. F" also rose
sharply to a maximum that was above even the highest F* from the morning observation period. Water from
tidal flooding is a good absorber of both light and heat energy. Thus, the cool, low light environment provided
during BOC flooding likely corresponds to minimal levels of NPQ), with the concomitant closure of the majority
of PSII reaction centers that would likewise prohibit photochemistry. Thus, most of the light energy absorbed by
PSII was lost as ChiF during this time. Third, in the early evening, F* and F' started returning to levels close
to those before sunrise. Although in situ ChlF measurements have been reported for salt marshes (Kathilankal
etal., 2008), our time series of daily ChIF dynamics, for the first time, provides continuous leaf-level information
on the acclimation of PSII to realistic field tide inundation in 8. alterniflora at different canopy heights.

Figure 4a depicts the variation of F,/F_ and @PSII calculated from the TOC and BOC ChIF. In general, during the
high tide day, BOC qpP5SII was higher than TOC @PSIL. Forexample, the mean BOC gPSIL, excluding midday tidal
inundation, was 0.39 + 0.05 compared to the TOC gP5SII of 0.3 £+ 0.03 (Table 3). During tidal immdation, there
were no detectable changes in TOC oPSII, but the BOC leaves showed considerable reductions in gPSIL, as
it gradually decreases with the increased height of tidal flooding with minimal values below 0.2 during the
complete submergence. This is a new finding, and to our knowledge, these differences in leaf-level reductions in
@PSIl across different 8. alterniflora stem heights at different stage of tidal inundation field conditions have not
been reported before in the literature.

Photochemical efficiency was influenced by tidal inundation and submergence, as shown by plots of the relative
changes in fluorescence yields against NPQ) (Figure 5a) and percentage of open PSII reaction center (gL.) against
@PSIl from bottom of 8. alerniflora leaves (Figure 5b). We observed low NPQ and high fluorescence yields,
particularly when tides >35 cm fully submerged the leaf surface. gPSII and gl were positively related as the
tide level increased which eventually led to rapid declines in @PSII and gL. We also observed that underwater
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Fignme 5. Analysis of chlorophyll fluorescence (ChlF) parameters at bottom (BOC) of the Sparting alterniflora canopy during midday (local ime 10:00-16:00) and
high tidal flooding. (a) Relationship between sieady-state fluorescence yield (F7) and nonphotochemical quenching (NPQY), (b) relationship between the fraction of
“open” PSI maction centers (gl.) and quantum e fficiency of PSII (P3II) for BOC 8. alterniflora leaves. Lighter bloe points indicate a higher tide level above the

soil surface. In (a), a low NPO) and high fluorescence yield is observed during high tide level. In (b) underwater photoche mistry was observed at a greatly reduced rate
accompanied by partially opened PSII reaction centers during high tidal flooding. The @PSI and gL are also positively associated. Polynomial smoothing lines with
95% confidence intervals (gray ancas) were fitied for trend visualization purposes. Observations of F* were normalized to the maximum in the light (F”, max) following

Magney et al. (2017).

photochemistry rates were greatly reduced and accompanied by partially opened PSII reaction centers. This
suggests that PSII reaction centers in fully submerged 5. alterniflora leaves were still active and transferring
electrons, but only at ~20% of the typical daily rate.

Averaged FJ/F_ for the 8. alterniflora leaves from TOC and BOC showed a similar value of FJ/F_ at 0.78
(TOC: 0.78 +£0.002; BOC: 0.78 + 0.004), which is slightly lower than the optimal value reported for many
plant species (Bilger et al., 1995; Bjorkman & Demmig, 1987; Murchie & Lawson, 2013; Yang et al., 2017).
To our knowledge, this F/F_ has not been reported before for 8. alterniflora in real-field conditions either.
FJF_ is thought to reflect the maximum quantum efficiency because leaf-level fluomescence parame-
ters were continuously measured through the night when 0, was supposed to be maximally oxidized, and
the level of heat loss from PSII (NPQ) should have disappeared completely (Maxwell & Johnson, 2000).
However, we found that NPQ stayed more or less active at night during our sampling period (averaged night-
time NPQ = 0.086 + 0.013), which lowered F, and resulted in a smaller F/F . This phenomenon has been
reported before and described as a common occurrence during summer months with higher night temperatures
(Porcar-Castell et al., 2008; Yang et al., 2017). Those conditions represent our site well, where summer nights
in coastal Georgia, USA are typically warm and humid. In addition, photoinhibition caused by frequent satu-
rating pulses from PAM fluorometer may have led to a decrease in F_, resulting in a smaller F/F at night
(Porcar-Castell et al., 2008).
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Fignme 6. The responses of photosy stem [ operating efficiency (@P S1I) at the (a), (c) bottom (BOC, 35 cm) and (b), {(d) top (TOC, 105 cm) of the Sparting alterniflora
canopy to increasing water table height during (a), (b) low tide days with 25-cm peak tide level and high tide days with >45-cm peak tide level above the soil surface.
Black solid points are gPSII observed during rising tide (tide in), and blue solid points are pPSI measured during receding tide (tide out). Second-degmree polynomial
smoothing lines with 95% confidence intervals (gray aras) were fitied for trend visualization purposes. Themr were no sizable changes in gPSII at the top of the 5.
alterniflora canopy during both tidal events. Substantial changes in PSII at both canopy heights were also not detected during low tide flooding. However, the BOC
P3II was significantly reduced when BOC leaves were completely submerged by the tide.

3.3. Response of PSII Working Efficiency(@PSII) to Tide Heights

The effect of tidal flooding on @PSII was observed during the daytime. The measured @PSII was plotted against
tide height when flooding occurred between 10:00 a.m. and 16:00 p.m. and tide heights did not reach the BOC
sensor (Figures 6a and 6b), and when the BOC sensor was completely submerged during flooding (Figures 6c
and 6d). On low tide days (peak tide height at ~25 cm), our data did not show substantial fluctuations of TOC
and BOC gPSIL

On higher tide days, the BOC gPSII showed sizable reductions as they were negatively associated with tide height
(Figure 6c). For example, BOC leaves gPSII dropped from an average of 0.39 + 0.05 in airexposed conditions
from the start of the tide (nonflooded) to 0.33 + 0.06, in partially submerged conditions as the tide level gradually
rose (tide height <0.35 cm). The relationship became more pronounced when the tide height > 35 cm completely
covered BOC 8. alterniflora leaves. This resulted in a greatly reduced P SII rate in fully submerged leaves. For
example, the rate of BOC @PSII for fully submerged leaves declined on average by 41% compared to airexposed
leaves in nonflooded conditions (Table 3). In contrast, the impact of high flooding on @PSII in air-exposed TOC
leaves was low, with <10% decline on average, at times when the BOC leaves were completely submerged.

In summary, the results demonstrate the applicability of PAM fluorometry to continuously track photochemical

and nonphotochemical PSII quantum yields in salt marshes in the field under a range of tidal and light conditions.
Ouwr field observations on the mrelationship between leaf-level 8. alterniflora ChiF and tide levels showed that
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photochemical efficiency differed markedly based on leaf submergence. The rate of @PSII in fully submerged
BOC leaves decreased significantly compared to airexposed leaves due to the physiological stresses induced
by tidal inundation. For example, the lower diffusion rate of gases and increased rate of stomatal closure act as
major restrictions for fully submerged leaves (Heinsch et al., 2004; Knox et al., 2018), suggesting that underwa-
ter pPSIl is PQ instead of NPQ-limited. Additionally, we observed greatly reduced underwater photosynthesis
activities in fully submerged leaves, suggesting that §. alterniflora could potentially remain a CO, sink during
tidal inundation.

4. Discussion
4.1. Spartina Affernifiora Continued to Photosynthesis When Submerged During Tidal Inundation

Our observational study of natural field conditions demonstrated that 8. alterniflora continued photosynthesis
during tidal inundation. Our findings are supported by rigorous PAM ChiF measurements on 8. alterniflora BOC
and TOC leaves and quantitatively relate photosynthetic activities of submerged leaves to the physiological char
acteristics of Sparting plants (Figure 3). For example, when leaves were fully submerged by tides =35 cm (e.g..
the BOC sensor height), we showed that NPQ dropped rapidly to near 0 accompanied by a simultaneous increase
in fluore scence yields (Figure 5a). Thus, NPQ) was not a determining factor in underwater photosynthe sis. Further,
light levels were also sufficient for submerged leaves as fluorescence emitted significantly during tidal flooding,
suggesting that APAR was more than sufficient to drive photosynthesis. In this context, the observed photo-
synthetic activity of submerged BOC 8. alterniflora depends on the fraction of “open”™ PSII reaction centers.
This was supported by Figure 5b, which shows that @PSII and gL are positively related. Figure 5b also suggests
that a small portion of PSII reaction centers (~10%) still remained open and carried out photochemistry under
complete submergence. These field observations are similar to 8. alterniflora laboratory experiments conducted
by Pezeshki et al. (1993).

4.2, pPsIl is Significantly Reduced in Submerged Versus Air-Exposed Canopies

During tidal submergence, our results suggest an up to 41% reduction in BOC @PSII when compared to nonflooded
conditions (Table 3). However, TOC airexposed leaves had small reductions in @PSII (7%—8.3%) during tidal
inundation of the lower canopy, which was consistent as tides rose, though tides never submerged the upper leaves
{Table 3). Additionally, our results suggest that @PSII for fully submerged BOC leaves is 18% lower than the
air-exposed TOC leaves during a flooding event. These results highlight the different influences of tidal inunda-
tion on photosynthetic processes at the bottom and top of the canopy. To our knowledge, we are the first to report
this for intertidal salt marshes. The different influence of tides on @PSII reduction indicates that photosynthesis
in TOC and BOC leaves is independent of each other. Further, tidal flooding only causes significant reductions
when leaves are actively submerged. Considering the @PSII of the entire canopy as a whole, a 25-cm tide height
lead to a 23.3% decrease in pPSIL. A 45-cm tide height doubles the @PSII reduction (48%). These estimates are
derived from plant-level @PSII decreases observed by combined TOC and BOC sensors during flooded versus
nonflooded conditions (Tables 3a and 3b). Previous studies by Kathilankal et al. (2008) reported a much higher
66% reduction in photosynthetic ability for submerged 8. alterniflora in Virginia tidal marshes. Their study may
have overestimated the impact of tidal inundation because airexposed and partially submerged plants should
experience less reductions in @PSII. Further, tides which completely submerge marsh plants are less common
than partially flooded conditions (Hawman et al., 2021; Narron et al., 2022; O"Connell et al., 2017, 2019). Our
ChIF measurements similarly suggested that TOC and BOC have independent and different responses of leaf
photosynthesis during inundation, and is linked to tidal stage and amplitudes. This also provides new insights
into estimating the efficiency of energy partitioning of 8. alterniflora PSII throughout the canopy because the
submerged/emerged leaf proportion also changes during tidal inundation.

4.3. Impacts of pP'SII Variations During Tidal Flooding on Canopy-Scale Studies

The impact of flooding on leaf-level photosynthesis is driven by submergence status, as discussed in Section 4. 1.
Therefore, the proportion of tide:plant height is a significant variable in estimating photochemical efficiency at
the canopy scale (e.g., see Section 4.2). Although not the same type of measurements, our findings are aligned
with data presented by many previous studies on the influence of tidal flooding on CO, fluxes or net ecosysiem
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exchange (NEE) or GPP, which have shown decreases in marsh carbon exchange under tidal inundation at
ecosystem-scale. For example, Moffett et al. (2010) found a substantial decrease in CO,, fluxes for 8. alterniflora
in a California marsh when the tide depth exceeded 17 cm above the ground. Forbrich and Giblin (2015) showed
a tide depth above 5 cm could lead to a reduction in marsh productivity. We could not find any study linking in
situ ChiF to CO, fluxes or Eddy tower scale NEE or GPP for wetlands. It may likely be due to various challenges
involved in continuously capturing leaf-level gPSII variations at different plant heights under realistic field tidal
inundation. But, we can assume that the variability in in situ ChlF due to tidal inundation would have an impact
on CO;, fluxes or GPP because many prior studies have shown ChiF as a strong indicator of seasonal variability
and phenology of GPP in other termestrial vegetative ecosystems (Flexas et al., 2002; Joiner et al., 2013).

However, our findings bring new complexities to studies involving passive measurements of photosynthesis proxies
(e.g., 5IF) or carbon assimilation rates (e.g., NEE and GPP via Eddy flux tower) because photosynthesis in fully
submerged 8. alterniflora leave s continuing at reduced rates does not directly link to active gas exchange underwa-
ter. This link is needed because we do not know whether marsh species such as 8. alterniflora internally recycle CO,
and O, (Gleason & Dunn, 1982} produced through photosynthesis, photorespiration, and respiration; or whether
they significantly exchange gases with the water column while submerged (Sitva et al., 2005; Winkel et al., 2011);
or a combination of the two. Once these uncertainties are better understood, we expect methodological revisions
will be necessary for canopy-scale NEE calculations and partitioning models (i.e., submerged versus emerged
canopies) to estimate GPP and ecosystem respiration for tidal wetlands. These new methods would need to quantify
canopy submergence and link it with augmented rates of photosynthesis and gas exchange during tidal flooding.

4.4. Limitations

Our observations of the tidal flooding impact on @PSII for 8. alterniflora, whether during low tide or high tide, is
limited by sensor reliability, sensor deployment height, the maximum tide height, and inundation duration time.
For example, midday high tides with heights that exceeded the BOC sensor (~35 cm) were observed on only
5 days (23-27 July). In addition, the maximum tide height was ~45 cm above the soil surface, which prevented
us from studying fully submerged TOC @PSII responses, as these never occurred. In this context, our BOC leaves
also were not inundated for extended periods, as tide depth fluctuated within the 4-4.5 hr flooding window. There-
fore, this study could not measure the response to continuous and sustained inundation for PSII reaction centers,
though we expect that the rate of closure increases with inundation status as light and CO, become scarce. Morris
etal. (2013) reported a greater photosynthetic rate from air-exposed TOC §. alterniflora during a high midday tide
of long duration. However, our results show that reductions in @PSII began when tide height approached 30 cm,
5 cm below the BOC sensor (Figure 6c). We anticipate that the whole plant pPSI reduction will increase once
a threshold flooding level is exceeded. This is because TOC gPSII will likely have a greater reduction when the
plant becomes partially or fully submerged. We need more ChiIF measurements that demonstrate the vertical distri-
bution of photosynthetic efficiency. Such data would further help to estimate canopy-scale marsh photosynthesis
with differing tidal amplitudes, ranges, depths, and durations. However, the conditions during the sampling were
representative of the most typical flood patterns at our site. Our observations suggest the photosynthetic efficiency
does not change significantly as long as the majority of the canopy is air-exposed during low-level tidal flooding.

4.5. Future Applications

To better understand the photoche mistry and carbon assimilation rates (e.g., GPP) of salt marshes that are frequently
inundated, it is essential to understand how changes in in situ photochemical activities are affected by tide-induced
submergence of leaf area. [f empirical relationships between canopy-scale ChiF parameters representing photo-
chemistry and GPP can be established in future studies, our method can be coupled with gas exchange measure-
ments from Eddy covariance flux towers or radiant retrieval of ChiF from passive sensors (e.g., SIF). That would
allow for further assessment of the influence of tidal inundation on marsh photosynthesis and how it affects carbon
flux budgets at larger scales. There are several advantages associated with PAM fluorometry-based ChiF data to
further understand the dynamics and drivers of underwater canopy photosynthesis. First, automated PAM fluo-
rometry is suitable for field deployment. The instrument also provides continuous and high temporal resolution
maximal and minimal fluorescence measurements (F_ and F)) when the photosynthetic apparatus is fully relaxed
at night. Accurate field-based determination of F_ and F; allows for the guantification of NPQ), F/F_, and photo-
chemical quenching (PQY), which are normally difficult to acquire. Second, automated PAM fluorometry provides
reliable measurements under complicated field conditions, such as in tidal wetlands with soft ground and saturated
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soils. Third, PAM MONI-HEADY/S observe the same set of lkeaves and move together with them, which maximally
reduces the effects of sample clip and allows for consistent measurements and interpretations for an extended
period. Fourth, automated PAM fluorometry can support up to 7 MONI-HEAIVS, which can collect simultaneous
ChIF measurements of seven independent leave samples over a 400 m? spatial scale. The footprint of our ChiF
monitoring system is limited by cable length, but it is comparable to a flux tower footprint or MODIS 500-m pixel
to develop empirical relationships. This feature will be particularty useful in scaling up leaf-level photosynthesis
variations within flux tower footprints and connecting to satellite measurements at larger spatial scales.

These results can further our understanding of fluctuations of photosynthesis, SIF spectral shapes, and GPP in
salt marshes observed during tidal flooding at multiple scales. Our controlled in situ measurements of leaf-scale
ChIF provide fundamental information that can explain vertical differences in the PSII working mechanism and
how they may drive ChiF-SIF-GPP relationship observed at longer temporal scales. Our results, which showed
a greatly reduced pPSII with the closure of PSII reaction centers and stomata during tidal flooding, offer further
explanation for the results observed by Nahrawi et al. (2020) and Hawman et al. (2021). Their studies showed a
significant decline in CO, assimilation rates and light use efficiency (LUE) in 8. alterniflora during tidal flood-
ing from a flux tower scale. Although, we do not have direct evidence of the occurrence of gas exchange in the
submerged canopy of the marsh plant, we can assume overall canopy-level C assimilation is reduced during tidal
flooding due to the reduction in PSII levels. Therefore, the satellite data andfor models derived NEE and GPP
estimates from salt marshes should be adjusted to include the daily temporary fluctuations in gas exchange during
tidal flooding along with other components such as hydrologic ex ports (Bogard et al., 2020). Hawman et al. (2021)
further showed environmental factors, including air temperature, vapor pressure deficits, solar radiation, and tides
affect LUE and GPP of 8. alterniflora. All of those environmental variables could also be used in future studies
to model and predict P SI for marsh canopies so that gPSII predictions can be scaled to sites where in situ ChiF
measurements are unavailable. Future studies should also examine these phenomena in marshes dominated by
other common species, such as J. roemerianus and 8. patens, which respond to similar environmental gradients.

5. Condusions

This study presented high temporal resolution field measurements of leaf-scale chlorophyll fluorescence, PSII
operating efficiency, and PAR using preprogrammed PAM chlorophyll fluorometer and underwater quantum
sensors, to better understand the photosynthetic response of the dominant salt marsh plant, 8. alterniflora to tidal
inundation. We collected the measurements using a novel system design that was deployed at the top (~105 cm)
and bottom (~35 cm) of the 8. alterniflora and under a range of tidal amplitudes. Our leaf-level ChlF measurements
demonstrated the variation of leaf ChiF and photosynthetic activities in air-exposed, partially submerged, and fully
submerged Spartina plants across a range of tidal cycles and differing tidal amplitudes. We found the influence of
tidal inundation on §. alterniflora photosynthesis was independent and different in the leaves across the canopy.
The observed differences could be explained by differences in meteorological and physiological stresses between
the two sampling locations induced by changes in leaf submergence conditions. On days with high tidal flooding,
the qPSII of BOC leaves decreased with increasing tide height. This reduction became more pronounced (up to
41%) when the tide height exceeded 35 cm, completely submerging BOC leaves compared to nonflooded condi-
tions. However, <10% reductions were observed in gPSII of airexposed leaves at times when the BOC leaves were
completely submerged. Additionally, we observed underwater photosynthesis at a greatly reduced rate, accompa-
nied by partially opened PSII reaction centers and low NPQ) in fully submerged 5. alterniflora leaves during tidal
flooding. We quantified that g SII of fully submerged 5. alterniflera leaves was still at 20% capacity compared to
air-ex posed conditions because at least 10% of PSII reaction centers remained open and carried out photochemis-
try under complete submergence. These findings suggest that 5. alterniflora could potentially remain a CO, sink
during tidal inundation but at greatly reduced rates. We concluded that the plant submergence status should be
considered a significant factor in estimating salt marsh photosynthesis. Thus, to create high quality carbon assim-
ilation models for intertidal salt marshes, researchers need to determine the proportion of plant submergence and
corresponding PSII operating efficiency of salt marshes before scaling to larger regional studies.

Data Availability Statement

Data that support the findings of this study are available on the GCE-LTER Data Catalog: Sapelo Island leaf-level
chlorophyll fluorescence data and other environmental variables (Mao, 2023). Data set summary is also available
at https://gee-lter. marsci.uga.edu/public/app/dataset_details.asplaccession=MSH-GCET-2302.
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