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ABSTRACT

IMPACT OF CLIMATE CHANGE ON CARBON AND NITROGEN BALANCE IN ZOSTERA
MARINA L. (EELGRASS)

Malee Jinuntuya

Old Dominion University, 2024
Director: Dr. Richard C. Zimmerman

Seagrasses face vulnerability to both global stressors like Ocean Acidification (OA) and
climate warming compounded by local stressors such as eutrophication that reduces light
availability, leading to a complex dynamic of positive and negative effect on their growth and
survival. Increased dissolved aqueous COz (CO2@q)) benefits seagrasses by enhancing
photosynthetic and growth rates, but it may increase nutrient demand, potentially depleting
nutrient supply, especially in oligotrophic environments.

In this study, the long-term impact of CO> on Zostera marina L. (eelgrass) were
investigated across a gradient of CO2(q concentrations (55 — 2200 pM COazq)) and leaf area
indices (LAI). The focus was on quantify changes in carbon (C) and nitrogen (N) content,
composition, and metabolism in response to CO.-stimulated photosynthesis and growth. Absolute
growth rates, shoot sizes, leaf density, sucrose concentrations, and carbon and nitrogen growth
demands increased with increasing COa2q) availability. However, there was no notable decline in
biomass-specific N content of leaf at higher CO2(aq) concentrations primarily due to dilution effects
caused by carbon accumulation in thicker leaves, rather than N-limitation. Rather than increasing
plant survival in the context of CO2q) enrichment, this study found that nutrient enrichment of the
sediment reduced plant survival as a result of NH4" toxicity. In contrast, the high HS
concentrations reaching millimolar levels in sediment, which was stimulated by organic carbon

addition, was not particularly toxic to eelgrass.



CO. effects on N uptake were complicated by changes in canopy architecture due to
increasing leaf area index (LAI), affecting N uptake patterns of leaves and roots. Combining a
nutrient uptake model with the radiative transfer GrassLight (v2.14) model, this study explored
how CO»-driven photosynthesis affected N uptake patterns and requirements for growth. Model
predictions across varying LAIs and CO2@q) concentrations indicated low N demand for eelgrass
under all CO2(sq) conditions, with roots playing a key role in N acquisition as COz(q) concentrations
increased. Overall, my results highlight the importance of photosynthesis in regulating N
metabolism and acquisition between the above- and belowground components, and suggest that

most eelgrass meadows are unlikely to experience N limitation, even in high CO2(@q) environments.



Copyright, 2024, by Malee Jinuntuya, All Rights Reserved
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CHAPTER 1

INTRODUCTION

1.1 Background

Seagrasses are found in shallow subtidal areas spanning across tropical and temperate
latitudes, and are amongst the most prominent primary producers on our planet (Duarte and
Chiscano 1999). Occupying less than 0.2% of the world’s oceans (McKenzie et al. 2020), seagrass
meadows are an important blue carbon ecosystem (Greiner et al. 2013). They act as a vital carbon
sink by removing CO> from the atmosphere through photosynthesis and storing it in both biomass
and sediments (Gacia et al. 2002; McLeod et al. 2011; Fourqurean et al. 2012). This action
underscores their importance in contributing to negative climate feedback and supporting
mitigation efforts (Duarte et al. 2005; Fourqurean et al. 2012; Johannessen 2022).

Shallow water marine habitats are under increasing pressure from climate change and
human activities, resulting in global seagrass population declines and habitat loss. The primary
contributors to the loss of these ecosystem engineers (Fonseca 1989; Hemminga and Duarte 2000;
Green and Short 2003; Heck et al. 2003; Orth et al. 2006) include degraded water quality from
widespread eutrophication leading to light limitation and rising temperatures resulting from
unchecked emissions of greenhouse gases. Since the 1900s, an estimated 30% of the known
seagrass area have been lost, at a rate of 7% per year since 1990 (Waycott et al. 2009). Therefore,
conserving and restoring this blue carbon ecosystem is crucial for mitigating the rise in global

atmospheric CO2 (pCO>).
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The ocean absorbs about 30% of annual pCO2 emissions (Quay et al. 1992; Orr et al. 2001).
As of February 2024, atmospheric pCO. reported by the NOAA Global Monitoring Laboratory
(https://gml.noaa.gov/ccgg/trends/) now exceed 420 ppm, increasing oceanic [CO2(q)] by 50%
compared to pre-industrial level. Projections suggest pCO> will exceed 900 ppm by 2100 (IPCC
2014; Dlugokencky et al. 2019), potentially lowering ocean pH to 7.8, and increasing oceanic
[CO2@q)] by 220% (IPCC 2022) (Zeebe 2012). Increasing ocean acidification (OA) will trigger
non-linear ecological responses leading to winners and losers at individual, population, and
ecosystem levels (Kleypas et al. 1999; Harley et al. 2006; Lee et al. 2022). Calcifying organisms
are expected to suffer due to their vulnerable biominerals, which are susceptible to dissolution in
undersaturated seawater with respect to calcium carbonate (Azevedo et al. 2015). Conversely,
seagrasses and other photosynthetic organisms, currently CO.-limited, should benefit from rising
OA because more carbon will exist in the form of aqueous CO2 rather than HCO3™ at lower pH (the
CO2:HCOsratio at pH 8.2 is 1:160 and at pH 6.0 is 1:1 (Beer and Koch 1996)) . Numerous studies
consistently reported that various seagrass species experienced increased leaf photosynthetic rates
and sugar accumulation after brief CO exposure (hours to weeks) (Durako 1993; Zimmerman et
al. 1995; Beer and Koch 1996; Zimmerman et al. 1997; Jiang et al. 2010; Ow et al. 2015).
Prolonged exposure to increased COg) availability has a quantitative impact on photosynthesis,
growth and reproduction of Zostera marina L. (Palacios and Zimmerman 2007) that is capable of
counteracting the negative effects of high temperatures on plant performance (Zimmerman et al.
2017). In addition to stimulating photosynthetic rates, long-term exposure to elevated COy)
reduces light-harvesting pigment concentrations in the leaves (Celebi-Ergin et al. 2021) mimicking

the photoacclimation response to high light (Cummings and Zimmerman 2003).
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Enhanced carbon metabolism under elevated CO: is anticipated to significantly impact N
metabolism in seagrasses. Photosynthetic organisms feature a complex regulatory mechanism that
coordinates carbon metabolism with nitrogen assimilation. The increased sucrose concentrations
generated under elevated CO> not only provides more energy and carbon skeletons for plant
growth, they are key regulators of N assimilation and protein synthesis (Ruan 2012). For instance,
the assimilation of inorganic nitrogen such as nitrate (NO3") and ammonia (NH4") into amino acids
is highly regulated by the availability of a-ketoglutarate (a Krebs cycle intermediate), which serves
as a precursor for the synthesis of glutamate, an important amino acid.

Currently, our understanding of the long-term effects of elevated CO, on seagrass N
metabolism is rudimentary. While terrestrial plant studies are often used as reference, their results
cannot be directly applied to explain seagrass response to elevated CO; due to differences in
environmental conditions and ecological dynamics between marine and terrestrial ecosystems. The
impact of CO- on land plants is primarily linked to improved water use efficiency (WUE, amount
of carbon gained as biomass per unit of water lost) (Hatfield and Dold 2019) and changes in
stomatal conductance (Ainsworth and Rogers 2007). However, water use efficiency and stomatal
conductance are not an issue for fully submerged aquatic plants. Unlike terrestrial plants,
seagrasses can acquire nutrients through both their leaves and roots (Thursby and Harlin 1982;
Short and McRoy 1984; Pedersen and Borum 1992) in approximately equal proportions (lizumi
and Hattori 1982; Zimmerman et al. 1987), increasing the potential nutrient resources. Yet, this
dissertation will show that CO» enrichment reduces the N content of seagrasses, just as it does in
terrestrial plants (Ainsworth and Long 2005). Ongoing research is needed to explore whether the
reduction in leaf N in seagrasses is due to changes in N uptake, N-limitation, or a dilution effect,

where a proportion of nitrogen in plant tissues decreases relative to carbon.
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The positive physiological responses from exposure to elevated CO will be significant for
seagrasses, particularly in eutrophic systems if the carbon and nitrogen metabolisms are integrally
coupled. Seagrass habitats are frequently subjected to anthropogenic eutrophication and this
enrichment has been shown to adversely affect seagrass function and physiology (Delgado et al.
1999). Excessive inorganic nitrogen concentrations (NOs™ and NH4") have been hypothesized to
exert a direct toxic effect on seagrass, perhaps by promoting continuous nitrogen uptake and
assimilation, leading to internal carbon drain and consequent die-off (Turpin et al. 1991,
Burkholder et al. 1992; Touchette 2003). At 20" Century [CO2], this “runaway N metabolism”
was hypothesized to force re-direction of carbohydrates from other essential metabolic pathways,
therein potentially exacerbating the effects of carbon limitation on seagrass growth and survival.
If carbon is indeed diverted to support nitrogen assimilation, then rising atmospheric CO2> may
relieve this carbon drain problem by enhancing the rates of carbon-fixation and accumulation of
mobile C reserves in seagrass, increasing the likelihood of eelgrass survival in nutrient enriched
environments.

Predicting seagrass health and success in the face of a changing climate requires a thorough
examination of their responses over timescales that span multiple growth periods. While seagrasses
should benefit from increase in CO. concentrations, understanding their future ecological success
requires careful consideration of the interaction of photosynthesis with other critical factors, such
as nitrogen uptake and assimilation. Despite suggestions that seagrasses may face N-limitation in
high CO> environments (Alexandre et al. 2012), conclusive evidence supporting this claim is
lacking and warrants further investigation. This requires determining the growth requirements for
both nitrogen and carbon, a goal of this study. Moreover, with the persistence and likely

intensification of anthropogenic activities leading to coastal eutrophication, intricate interactions
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between eutrophication and ocean acidification will impact seagrass physiology, a topic that also
remains poorly addressed. Through 18 months of long-term experimentations and modelling
endeavors, this research aims to provide valuable insights that enhance our predictive
understanding of how N metabolism of seagrass will respond to environmental change, particularly
elevated CO: levels, spanning from physiological to whole-plant performance levels.

The research conducted here addressed several important questions regarding the response
of Z. marina to escalating anthropogenic pressures in the context of future climate change. As a
key temperate seagrass species, Z. marina plays a vital ecological role in supporting economically

valuable fisheries and protection of shorelines, particularly in the Chesapeake Bay.
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CHAPTER 2

EFFECTS OF LONG-TERM CO2 ENRICHMENT ON BIOCHEMICAL
COMPOSITIONS, GROWTH, AND GROWTH DEMAND OF ZOSTERA MARINA L.

(EELGRASS)

PREFACE
A part of the results presented in this chapter was published in the journal Marine Ecology
Progress Series (https://doi: 10.3354/meps12051). The right to reproduce the data in theses or

dissertations is retained by the author as per the Publisher and author rights and agreements.

2.1 Introduction

Present day atmospheric CO2 concentrations (424 ppm measured at Mauna Loa) have
increased >60% since pre-industrial times (~260 ppm) (Wigley 1983). This rise in pCO2 will
directly affect the dissolved inorganic carbon (DIC) in coastal waters by altering the carbonate
chemistry profile of seawater. The resulting shifts in the relative distributions of DIC towards
aqueous CO> will greatly favor many photosynthetic autotrophs (Riebesell 2004; Leakey et al.
2009; Kowalczyk and Lee 2022; Velthuis et al. 2022) including seagrasses (Zimmerman et al.
1997; Apostolaki et al. 2014; Celebi 2016; Zimmerman 2021).

Predicting the responses of seagrass to future CO- levels constitutes a complex challenge
due to an array of environmental drivers such as light, nutrient, and temperature, all of which
collectively shape the overall performance of these plants. Responses also vary with seagrass

species under examination (Invers et al. 2001) and experiment duration (Zimmerman 2021). For
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instance, short-term CO2 enrichment experiments conducted in laboratory settings (hours to
weeks) have consistently shown positive effects on photosynthetic rates, sugar production, and
leaf growth across many seagrass species ranging from temperate eelgrass, Zostera marina L.,
Mediterranean seagrass, Posidonia oceanica (Invers et al. 2002; Hall-Spencer et al. 2008) to
tropical seagrass, Thalassia testudinum (Banks ex Konig) (Durako 1993; Beer and Koch 1996;
Campbell and Fourqurean 2013), and Thalassia hemprechii (Jiang et al. 2010). However, it was
through longer enrichment experiments (over 12-months) that key traits such as shoot density,
survival, reproduction, and thermal tolerance become apparent (Palacios and Zimmerman 2007;
Zimmerman et al. 2017). Furthermore, these longer-term experiments yielded mechanistic insights
into the acclimatory response to CO, from metabolic to whole plant levels (Zayas-Santiago et al.
2020; Celebi-Ergin et al. 2021; Celebi-Ergin et al. 2022) that would not have otherwise been
evident from short-term experiment.

Although a high CO2 world is expected to enhance carbon assimilation by seagrasses, the
subsequent influence on nitrogen metabolism and its distribution among leaves, rhizomes and roots
has not been thoroughly investigated. Recent studies have reported lower leaf N content in T.
hemprichii subjected to short-term (21 days) CO2 enrichment (Jiang et al. 2010) and for T.
testudinum following longer-duration (6 months) CO2 exposure (Campbell and Fourqurean 2013).
Conversely, no CO; effects on leaf N content were observed in a year-long CO2 enrichment for T.
testudinum (Campbell and Fourgurean 2018), suggesting that the experimental timescale may play
a crucial role in determining the long-term N responses in seagrasses.

Due to the nutrient balance of seagrass (Duarte 1990), increased biomass production
anticipated in high CO2 environment will required a corresponding increase in N supply to meet

growth demands. An imbalance between N supply and growth demands could lead to N-limitation,
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thereby influencing the internal elemental stoichiometry of the plants. While N-limitation has been
suggested in a number of CO»-seagrass studies (Jiang et al. 2010; Alexandre et al. 2012; Apostolaki
et al. 2014), the specific N requirements for growth has rarely been provided to support N-
limitation. The potential shift in stoichiometry requires us to investigate and quantify the specific
N requirements of seagrass for achieving balanced growth under future CO: enriched
environments. This study intends to address this knowledge gap, contributing to a comprehensive
understanding of how seagrass respond to elevated CO: in terms of their N metabolism and growth
requirements.

Environmental factors, such as temperature, light availability, and nutrient concentrations
may interact with CO> in antagonistic ways, influencing seagrass functions. Temperature, for
example, plays a crucial role in modulating physiological functions related to photosynthesis,
respiration, and N assimilation, impacting the overall C and N balance, as well as seasonal growth
in seagrass (Evans et al. 1986; Marsh et al. 1986; Zimmerman et al. 1989; Moore et al. 1993; Short
and Neckles 1999; Touchette 2003).

This study examined how the nitrogen composition of Z. marina from the coastal mid-
Atlantic region responds to increasing CO> concentration under controlled experimental conditions
using outdoor aquaria over 18 months. By examining the impact of CO2 enrichment under natural
environmental conditions, the research aims to provide insights into seasonal variations in growth
demands and the underlying processes controlling nitrogen balance. Additionally, the study aims
to quantify differences in the biochemical composition of leaves, rhizomes, and roots, and assess

the consequent impacts on C:N elemental ratios in these tissues.
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2.2 Materials and methods
2.2.1 Experimental Design

The experiment occurred in an outdoor CO> experimental facility at the Virginia
Agquarium and Marine Science Center in Virginia Beach, VA (36.8207, -75.9841). The facility
consisted of 20 open top fiberglass aquaculture aquaria (each with a volume of 3 m?), supplied
with seawater from Owls Creek, a nearby tidal estuary (Zimmerman et al. 2017). Seawater was
pumped into a 70 m® holding tank and gravity fed into each aquarium at a flow rate of 20 L min-
1 achieving 10 complete turnovers in each aquarium per day (Fig. 1). Owls Creek, located south
of the Chesapeake Bay and connected to the Atlantic Ocean via the Rudee Inlet, is a polyhaline
estuary and experiences semi-diurnal tide. Its salinity typically ranges between 15 and 28
Practical Salinity Scale 1978 (PSS-78) due to mixing between seawater from the Atlantic Ocean
and freshwater from non-point source terrestrial runoff. The mixture of these two water sources
also controls the water quality of the creek (Sisson et al. 2010). All aquaria were shaded with a
neutral density mesh screen to reduce light transmission by 40%, preventing photo-damage and
better replicating the light environment from which the plants were collected (see Sec 2.2.2
below).

Compressed air, delivered through a 2 m diffuser tube running along the bottom of each
aquarium, kept the water column mixed and reduced the boundary layer that impedes carbon
uptake (McPherson et al. 2015). Beverage grade gaseous CO> was injected into each diffuser
(except ambient treatments) through solenoid valves operated pH controllers (Eutech Alpha pH
190) and glass pH electrodes. The valves were set at five distinct pH levels (with 4 aquaria per
pH treatment) ranging from ambient (pH ~7.7, no CO- addition) to 6.1 (2100 uM CO2yg)),

spaced at intervals of approximately 0.5 pH units. The 1-minute averaged pH of each tank was
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recorded every 10 minutes over 18 months from June 2013 to October 2014 using a National
Instruments data logger controlled by custom software written in LabView. Electrodes were
cleaned and calibrated weekly with a 2-point NBS buffer calibration (4 and 7 for pH treatments <
7,7 and 10 for pH treatments > 7). Aqueous CO2 (COz(g)) concentrations were calculated by
CO2SYS version 1.1 (van Heuven et al. 2011) using the K1 and K2 dissociation constants of
Mehrbach et al. (1973) refit by Dickson and Millero (1987), from simultaneously measured
values of salinity (from CTD sensor in one aquarium), temperature (recorded by the thermistors
in each aquarium), pH, and alkalinity. Initial total alkalinity (TA) was determined by the Gran
titration method (Gieskes and Rogers 1973), and showed a robust linear relationship with salinity
(r?> = 0.86) (Celebi-Ergin et al. 2021). Subsequent TA was estimated using the regression model:
Alkalinity (umol kg SW™) =49.61 x Salinity + 694.79).

While a pH of 6.1 falls considerably below the ocean pH projected by IPCC (2013) for
2100, the study’s broad pH (or CO2q)) range is useful for elucidating the functional responses
(slopes and intercepts) that facilitated my ability to make predictions concerning eelgrass
performance for any future climate scenario involving CO..

The aquaria experienced natural variations in sunlight, temperature, and salinity on a daily
and seasonal cycles. Downwelling irradiance in air (measured as photosynthetically active
radiation (PAR) was recorded with a factory calibrated LiCor L1190sb sensor. Temperature was
measured using Omega 44005 thermistors suspended next to the pH electrode in each aquarium,
calibrated to 0.1 °C precision. All thermistors were calibrated every 6 months at 6 temperatures (5
to 30 °C) using a temperature-controlled water bath (Fisher Scientific Isotemp). Salinity in each
tank was measured multiple times in May and June 2013 with a hand-held refractometer (data not

shown), prior to installation of the CTD. There were no differences in measured salinity among
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the tanks. Consequently, salinity was monitored from June 2013 to October 2014 using a factory
calibrated SeaBird SBE-37 MicroCAT CTD permanently mounted in one of the ambient (no CO-
addition) aquaria (Fig. 1). As with pH, light, temperature, and salinity were continuously
monitored (except during calibration) and recorded every 10 minutes using a National Instruments
data acquisition and control system and custom software written in LabVIEW®. Monthly seawater
chemistry measurements (NH4*, NOz and PO4%) from May 2013 to October 2014 were performed

by the Virginia Aquarium and Marine Science Center staff and provided by Mark Swingle.

2.2.2 Source population

In May 2013, Zostera marina L. (eelgrass) shoots were carefully collected by SCUBA
divers from a donor population near Wreck Island in South Bay, Virginia, USA (37.225° N,
75.840° W). Within 24 hours, vegetative shoots containing roots and at least 5 rhizome internodes
each were transplanted into rectangular fiberglass reinforced plastic containers (0.04 m® volume,
0.075 m? surface area) with sandy sediments from the Elizabeth River (Norfolk, Virginia) to an
initial density of 50 shoots per tray. The 100 containers were randomly distributed among the 20
aquaria and placed at a water depth of 0.85 m, positioning the canopy top 0.5 m below the water
surface at the start of the experiment. Eelgrass remained under ambient conditions (no CO, added)
for a month to allow recovery from transplantation shock and to establish a baseline performance

for future CO> treatment comparisons within and among groups.
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Fig. 1. Outdoor CO> enrichment facility located at the Virginia Aquarium for Marine Science
(Virginia Beach, VA) (originally published by Zimmerman et al. (2017)). Schematic diagram
illustrates experimental tanks (blue rectangles, 3 m? each), water inflow (blue lines/arrow) pumped
into a 70 m® holding tank and gravity fed into each fiberglass (3 m®), water outflow (green
lines/arrow), CO2 supply (tank) and delivery (black lines), pH-controlled valves (black hourglass
symbols), and environmental control and monitoring system (red box and lines).
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2.2.3 Growth rates and survival

Growth rates were measured in each aquarium as shoot elongation each month using the
hole-punch technique (Zieman 1974; Zimmerman et al. 1996). One randomly selected shoot from
each container was designated, tagged with a colored cable tie to prevent repeated sampling in
subsequent months, and marked with a 20-gauge needle. One week later, the cumulative distance
(in cm) from the original puncture on sheath bundle to the scar mark on each leaf, along with the
entire length of the emerging unmarked leaf was measured to the nearest mm using a flexible tape
measure. Leaf width was measured to the nearest 0.1 mm using a digital caliper. Total leaf area
(cm? shoot!) was calculated by summing the one-sided area (leaf length x leaf width) of all leaves
on a shoot. Absolute growth rates (cm? shoot d) were calculated by dividing the sum of all new
leaf area by the time interval (days) between marking and measurement. Specific growth rates (%
d1) were calculated by normalizing absolute growth rates (cm? d!) against the total leaf area (cm?)
and multiplying by 100. Monthly shoot counts were recorded, and survival rate (% of original)

was calculated by subtracting the monthly count from the initial count, then multiplying by 100.

2.2.4 Tissue chemistry

The second-youngest leaves (Leaf #2) were collected each month from five different plants
randomly selected in each aquarium for analysis of sucrose, bulk C, N and S, free amino acids
(FAA) and amino acid (AA) composition. Leaves were carefully cleaned of epiphytes, weighed,
and then subjected to 48-hour oven drying at 60 °C. The dried tissues were subsequently ground
into fine powder using liquid nitrogen and a mortar and pestle before being further dried at 60 °C
for 24 hours. Sucrose and FAA were extracted from the dry powder (~15-20 mg dry weight for

leaves and rhizomes, 30 mg dry weight for roots) through three successive extractions using hot
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80% ethanol at 80 °C for 15 minutes, following the method described by Zimmerman et al. (1989).
The extracts were combined, and separate portions were taken for bulk sucrose and total FAA
measurements, as well as for FAA composition analysis. Each sample was evaporated to dryness
overnight under a continuous stream of air. The resulting dried residue was re-dissolved in distilled
water. Sucrose content was assayed using a resorcinol assay and sucrose standard (Huber and Israel
1982). Total FAA were derivatized with o-phthalaldehyde (OPA) reagent and 2-mercaptoethanol,
and fluorescence was measured after 2 minutes with excitation and emission wavelengths of 342
and 452 nm, respectively. The total fluorescent products were standardized to glycine (Roth 1971).

Amino acid composition of samples from July and December 2013, under ambient and
highest CO2@q) (pH 6.1, 2100 uM CO2q) conditions were specifically analyzed to compare
summer versus winter differences in enriched and unenriched plants using by electron spray
ionization liquid chromatography tandem mass spectrometry (ESI-LC-MS/MS) with ion pairing
chromatography, standardized to 40 amino acids (McMahon 2018). The samples were spiked with
stable isotope internal standards (DL-Cystine, DL-Lysine, L-Aspartic Acid, L-leucine, I-
phenylalanine) prior to analysis.

Tissue C, N, and S content (mmol g DW) were determined using a combustion method
(Cutter and Radford-Knoery 1991), utilizing an elemental analyzer (vario MICRO cube,
Elementar). Sulfanilamide (CeéHsN20,S) was used for standardization. Approximately 3 mg of
dried powder leaf samples (root, and rhizome samples were also analyzed at the final sampling
time point) were placed into pre-cleaned tins that had been treated with methanol and
dichloromethane. These samples were then combusted at high temperature (1150 °C), with Copper
(1) Oxide serving as the oxidizing agent. The C:N:S elemental ratio was calculated based on a

mole-mole ratio.
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Biochemical composition of rhizomes and roots were expressed only as weight specific
values (mole content per gram dry weight), whereas leaf tissues were characterized as both weight-
specific and area-specific terms (mole content per cm2). Specific leaf area sucrose, FAA, C and N
content were calculated using the leaf area to dry mass ratio as established by Celebi (2016). This
enabled present study to assess the distributions of these components relative to the total biomass

in response to CO2ag).

2.2.5 Whole shoot assessment

The long-term effects of CO2q) enrichment on the entire shoot (leaves, roots, and rhizome)
were assessed only at the end of the experiment October 2014 because it necessitated destructive
sampling of entire plants. From each aquarium, three shoots were carefully harvested to avoid
breaking roots and/or rhizomes, cleaned of epiphytes and sediment debris using filtered seawater,
and photographed to document differences in shoot size along the CO(q) gradient. The eelgrass
shoot was then divided into three segments: leaves (from tip of the leaf blades to the sheath bundle,
rhizome (the first 3 internodes), and roots (roots of the first 5 internodes). After cleaning, samples
were patted dry, weighed (gram fresh weight), then oven-dried at 60 °C and weighed again (gram
dry weight). The dried samples were subsequently ground to a fine powder in liquid nitrogen using

a mortar and pestle and analyzed for sucrose, FAA, and CN contents as described above.

2.2.6 Determining seasonal growth demands
The growth demand of eelgrass for C and N under varying CO2q) levels was calculated

based on measurements collected from May 2013 to October 2014 as follows:

Hac, = (Ccoyug) X HsGR)m 1)
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Han,, = (N(co,aq) X HsGRIm 2
where Cco, . and N(co, (aq) aT€ the observed monthly (m) measured aqueous CO»-driven C and
N content per shoot, and psgrem) represents the specific growth rates for month m. These specific

growth rates varied seasonally and typically fell within the range of 1% and 3% per day, regardless
of the COzq) treatments. The demands exhibited a sinusoidal pattern, therefore, the predicted

seasonal C and N demand (uq,) was fitted using a non-linear equation in MATLAB R2022a. The

equation is as follows:

Kg, = C + Asin [<m1_2 b) X 27r] @)
where A, b, and C are the coefficients corresponding to amplitude, monthly phase shift, and
vertical growth demand offset, respectively. To enhance the robustness of the model and minimize
the influence of potential outliers, a bi-square weighting method (Dumouchel and O’brien 1989)
was applied.

The functional relationship between growth demand and COz(q) concentrations was further
evaluated by plotting the maximum pq. values (i.e. amplitude) determined from Eq. (3) against
aqueous CO> concentrations. The non-linear relationship was assumed to follow the Michaelis-

Menton function:

_y [S] (4)
ﬂdi(coz(aq)) — Ymax KS + [S]

where [S] is the CO2q) substrate concentration, V;,,, represents the estimated COzq) Saturated
growth demand for C and N, and Kg represents the estimated half saturation concentration of
CO2@q) Where V¢ is halved. The minimum demand, which occurred in winter, did not
demonstrate significant CO2q) treatment effects within the 95% error bound, and therefore were

not fitted to the above equation.
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2.2.7 Determining sucrose availability for growth

The amount of non-structural carbon (in the forms of sucrose) available for growth each
month is related to canopy productivity and growth demand, both of which are influenced by
CO2@q) concentrations. Beginning in May 2013 and ending in October 2014, the canopy
productivity (expressed as mmol C shoot® d!) for the five COzaq (or pH) treatments was
calculated using the equation:

Pret = (Pn X Hsat) =R (%)
where B, is the COq) (or pH) driven light saturated rate of photosynthesis (in relative units), Hgq:
(daily period (hour) of light saturated photosynthesis) is the median Hsa value based on Ex of 300
umol quanta m? s (refer to Fig. 1A), and R is the respiration rate. The terms P,, and R were
estimated using the bio-optical model GrassLight (Ver. 2.14, Zimmerman et al. (2015)), based on
parameters presented in Table 1. This model simulates the vertical propagation of spectral
irradiance through a submerged canopy within an optically homogenous water column. It
calculates the canopy photosynthetic and respiration rates based on the in-canopy light
environment, considering factors like water quality factors (e.g. CDOM, total suspended particles,
Chl a) and canopy architecture (e.g. shoot density, leaf area index, leaf orientation, leaf
morphology) (Zimmerman 2003; Zimmerman 2006). To convert B,, from relative units to mmol
C shoot* d, data from the net oxygen release rate at pH 8.0 for Z. marina (Invers et al. 2001), a
photosynthetic quotient of 1.2 (O:C), and the mean shoot mass (g DW shoot™) were used. Mean
shoot mass values were calculated from shoot size (cm?shoot™®) and leaf density g DW cm data
presented in Fig. 5.

The monthly calculation Sy, ., Of carbon available as sucrose for new growth, is

determined by the formula:



32

Snew,m = Prec dt — Hac,, dt +Sm_1
m-—1 m-—1

where Spewm Was expressed as mmol C (as sucrose) shoot. This formula combines net
photosynthesis, growth-related parameters, and sucrose content (S ,,,_;) from the previous month
(m-1). The terms [ Ppecdt and [ pac,, dt represent the integrals of shoot-specific net
photosynthesis and growth demand, respectively, over the time interval between months m-1 and
m.

Subsequently, the amount of carbon as sucrose set aside for potential future growth each

month, considering the demand for carbon during growth, as indicated by uq4c, is determined by

the formula:

Snew,m (7)
Hdc,,

Sreserves,m

If Sreserves,m 1S POSitive, it suggests a surplus of sucrose available for future growth, whereas a
low or even a negative value may indicate an immediate utilization of sucrose for ongoing growth

demands.

2.2.8 Data analyses

Within-aquarium replicates for each measured response were combined each month to
produce a mean value for each aquarium, resulting in four independent replicates for each pH (or
CO2(q)) treatment. Monthly measurements for various physiological and morphological attributes
were repeatedly made from the same twenty aquaria, therefore the impact of long-term effects of
CO2(aq) enrichment over time was tested using the repeated measure Analysis of Covariance

(ANCOVA) approach, implemented within the linear mixed-effect model (LMM) in IBM SPSS
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Statistics 26. In this analysis, the aquaria were treated as the repeated subject, time was considered
as a fixed effect, and log CO2(q) Were assigned as covariates. Data lacking statistical differences
among CO2q) treatments were combined to increase the degrees of freedom.

A monthly linear regression analysis was executed in IBM SPSS Statistics 26 to determine
the impact of CO2(aq) 0N measured responses. Statistical significance of COzq) effects on measured
responses, as indicated by the slope, was established when p-value was less than 0.05. Given the
non-linear nature of the measured responses to COxq), l0g transformation was applied to CO2(yg)
concentrations to facilitate linear regression analysis. Variations in the slope from month-to-month

were assessed through multiple comparison analysis.
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Table 1. Fixed parameter values assigned to GrassLight runs from May 2013 to October 2014.
Monthly photosynthesis:respiration ratios (P:R) were estimated at pH (or CO2(q) 6.1, 6.5, 6.9, 7.4,
and 7.7. Parameters not listed below have their default values commanded in GrassLight. See
GrassLight model and Zimmerman references for details. Mean shoot density (shoot m2) = Mean
shoot number/Area of plant container (m). Mean shoot mass (g DW shoot?) = Mean shoot size
(cm? shoot™) x leaf density (g DW cm) (computed based on data provided in Fig. 5A and 5B).
These calculations were performed monthly from May 2013 to October 2014.

Parameter Values Units
Latitude 36.8207 degree
Longitude -75.9841 degree
Daily mean water temperature Fig. 2B °C
Seawater pH 6.1-7.7

Median Hsat Fig. 2A hd?!
Water depth 0.5 m
Canopy height 0.1 m
Mean shoot density calculated shoot m
Mean shoot mass calculated g DW shoot™?
Mean shoot number Zimmerman et al. (2017)

Area of plant container 0.098 m?
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2.3 Results
2.3.1 Experimental conditions

Downwelling surface irradiance (PAR) followed a sinusoidal pattern due to astronomic
changes in local zenith angle and exhibited significant daily fluctuations in light intensity
depending on cloud cover. From May 2013 to October 2014, the mean annual variation in natural
irradiance was about 4-fold, with larger amplitude in daily irradiance in summer than in winter
(Fig. 2A). The Hsa (h d) (daily periods when photosynthesis is light saturated) calculated based
on Ex of 300 umol quanta m? st (Zimmerman et al. 1994) varied seasonally, ranging from
approximately 4 h din winter to 9 h d! in summer. The water temperature followed a seasonal
cycle, lagging surface irradiance by 6 to 8 weeks (Fig. 2B). Summers saw water temperature
reaching 30 °C, surpassing the 25 °C threshold for eelgrass stress (Evans et al. 1986; Zimmerman
et al. 1989; Moore and Jarvis 2008; Moore et al. 2012). In contrast, winter daily temperature
averaged around 5 °C, occasionally dropping to 0 °C in February 2014. The daily temperature
range was < 5 °C. Salinity showed no seasonal trend and averaged 24 + 3 (PSS) during the
experiment with a recorded minimum and maximum of 8 and 28 depending on the amount of

rainfall and freshwater runoff (Fig. 2C).
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Fig. 2. Environmental conditions during the experiment from May, 2013 to October, 2014 for (A)
above water natural down-welling irradiance (Eq) at 100% (full sun) and 60% (40% shading) light
levels, (B) daily mean salinity (PSS), (C) daily mean water temperature (°C), and (D) daily mean
aqueous CO2 concentrations. The blue line in panel (A) represents the median Hsa value (daily
period (hour) of light saturated photosynthesis) calculated based on Ex of 300 umol quanta m? s!
(Zimmerman et al. 1994). The shading in panels (B) and (C) represents the maximum and
minimum values. The red dash line in panel (B) is the temperature threshold for stress in eelgrass
(Evans et al. 1986). In panel (D), the colors correspond to CO2(q) concentration gradient ranging
from ambient (black line, pH 7.7) to high CO2(q) (red line, pH 6.1). Data were redrawn from values
previously published in Zimmerman et al. (2017).
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Gaseous CO: delivered through the diffuser tubes at the bottom of each aquarium
maintained five distinct pH treatments throughout the experiment, except for pH 7.4, which
occasional overlapped with the lower values measured in the ambient treatment (Fig. 2D). In Owls
Creek, the pH fluctuated due to the cycle of biological activities (photosynthesis and respiration),
with daytime pH exceeding 8.0 and nighttime pH dropping as low as 7.0. Within the CO2-enriched
tanks, the mean pH (mean * SE) of each treatment was 6.06 + 0.02, 6.49 = 0.01, 6.91 £ 0.01 and
7.42 £0.01 and 7.66 £ 0.01, which corresponds to COx(q) concentrations of 2121 (pH 6.06), 823,
371, 107, and 55 M Kg* SW (ambient) respectively. Aqueous CO2 (CO2@q) concentrations of
the enriched tanks were slightly higher in winter than summer due to increased solubility of the
gas at low temperature.

Data obtained from the Virginia Beach Aquarium highlighted a significant presence of
macronutrients (NH4*, NO2+NQgz, and PO4) in the surface water of Owls Creek (Fig. 3A-C). The
18-year dataset displayed a notable variability. There were a few occasional spikes, particularly
for NO2+NOs and PO.* likely related to rainfall/runoff events. The highest recorded
concentrations were 26 uM for NH4*, 125 uM for NO,+NOs", and 31 uM for PO4*. Nutrient
concentrations (NH4*, NOs, and PO4>) tended to be higher in the winter compared to summer and
spring, primarily because lower temperature and reduced light levels likely led to reduced
biological activities. Nutrient concentrations observed between 2013 and 2014 during the
experiment were low, with distribution that deviated from normality, as evident from the boxplot
in Fig. 3D. Median values were reported at 0.5 uM for POs*, 0.8 uM of NO,+NO3, and 0.8 uM
of NH4™. Interquartile intervals (IQR =50% of data points located) range from ~1 and 1.7uM, with

the broadest range in NH4* and the narrowest in NO2+NOs".
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Fig. 3. Concentrations of macronutrients (NH4*, NO2+NO3’, and PO4*) in Owls Creek surface
water from 1998 to 2016 are presented in panels A, B, and C. Panel D features a box and whisker
plot, showing data from 2013-2014 during the experimental period. The box’s lower and upper
edges represent the 25" (Q1) and 75™ (Qs) percentiles, with medians indicated by the horizontal
orange lines. The interquartile intervals (IQR), containing 50% of data, were 1.2, 1.6, and 1.7 uM
for NO2+NOs", PO+*, NH4*, respectively. Vertical whiskers (black lines extending from the box)
indicate the data range, not exceeding Qs+(1.5xIQR), with outliers marked as open circles. Qs
corresponds to the value below which 75% of the data points are located below this upper quartile
(additional boxplot statistics are available in the Table 2). Data were provided by the Virginia
Aquarium and Marine Science Center (M. Swingle, unpublished).
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Table 2. Summary statistics for boxplot shown in Fig. 3D.

NH.* NO>,+NO3 PO

Variables (UM) (UM) (UM)
Minimum 0 0 0
Maximum 10.4 2.4 7.8
Mean 1.6 0.9 1.4
Median 0.8 0.8 0.5
Standard deviation 2.5 0.8 1.9
25th lower percentile (Q1) 0.1 0.3 0.3
75th upper percentile (Qs) 1.8 1.4 1.8
Interquartile range (IQR) 1.7 1.2 1.6

2.3.2 Growth rates, shoot size, and total biomass response to COz(q) enrichment

Within 6 weeks of initiating CO2(aq) enrichment, absolute growth rates (AGR) exhibited a
positive, logarithmic response to COzuq concentrations. The strongest COz@q) effects were
observed during the warm summer months of both 2013 and 2014 (Fig. 4A), where plants grown
under elevated CO2@q) (2121 «M, pH 6.1) grew 2-3 times faster than plants grown under ambient
(55 M COqag), pH 7.7) CO2(aq) conditions. In contrast, during winter, the impact of CO2@q) Was
minimal, resulting in nearly zero slopes, and growth rates remained consistently below 1 cm? d!
across all COx(q) treatments due to lower temperature and reduced light levels. When normalized
to shoot size, the effects of CO2q) 0N specific growth rates (SGR) became non-significant (Table
3). However, it is worth noting that SGR exhibited distinct seasonal patterns, with higher values
in the summer and lower values in the winter (Fig. 4B, Table 3). The average specific growth rates
ranged from 3% d* (= 0.04 SE) in summer, fall, and spring to about 1% d* (+ 0.05 SE) during the

winter (from December 2013 through February 2014).
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Table 3. Summary ANCOVA tables for the Type 111 tests of fixed effects using a 1-factor (Month)
Linear Mixed-Effects Model in SPSS with log CO2@q) (pH levels = 6.1, 6.4, 6.9, 7.4, 7.7) as a
covariate; DW: dry weight. a. = 0.05.

Dependent variable Source Effectsdf Errordf F p
Shoot Size Month 18 312.58 2.56 0.001
(cm?) log CO2(aq) 1 19.70 81.26  <0.001
Month x log CO2;q) 18 312.76 3.34 <0.001
Absolute growth rate Month 18 312.33 3.21 <0.001
(cm?d?) log CO2(aq) 1 19.49 80.35 <0.001
Month x log CO2@q) 18 312.53 5.66 <0.001
Specific growth rate Month 18 313.46 2.58 <0.001
(cm? d?) log CO2(aq) 1 20.66 0.05 0.82
Month x log CO2q) 18 313.63 1.29 0.19
Sucrose Month 17 291.43 3.97 <0.001
(umol g DW) log CO2(aq) 1 18.99 223.02 <0.001
Month x log CO2@q) 17 291.46 3.64 <0.001
Sucrose Month 17 291.84 4.40 <0.001
(umol cm?) log CO2(aq) 1 19.04 213.72  <0.001
Month x log CO2@q) 17 291.98 6.90 <0.001
FAA Month 17 267.06 3.56 <0.001
(umol gt DW) log CO2(aq) 1 20.52 5.99 0.02
Month x log CO2@q) 17 267.28 5.63 <0.001
FAA Month 17 266.66 2.97 <0.001
(umol cm?) log CO2(aq) 1 19.97 38.72  <0.001
Month x log CO2@g) 17 266.89 5.53 <0.001
Total C Month 17 294.64 3.23 <0.001
(mmol g DW) log CO2(ag) 1 21.29 20.94  <0.001
Month x log CO2@q) 17 294.83 2.14 0.01
Total C Month 17 295.25 1.45 0.11
(umol cm?) log CO2(aq) 1 22.38 233.26  <0.001
Month x log CO2q) 17 295.38 3.89 <0.001
Total N Month 17 293.37 5.15 <0.001
(mmol g DW) log CO2(aq) 1 18.95 43.17  <0.001
Month x log CO2@q) 17 293.50 3.89 <0.001




Table 3. Summary ANCOVA tables continued.

Dependent variable Source Effectsdf Errordf F p
Total N Month 17 29351 1.25 0.228
(umol cm?) log CO2¢aq) 1 19.65 18.72  <0.001
Month x log CO2(g) 17 293.71 2.59 0.001
Total S Month 17 293.98 2.66 <0.001
(umol g DW) log CO2(ag) 1 20.21 20.92 <0.001
Month x log CO2(ag) 17 294.18 1.84 0.02
Total S Month 17 294.08 1.23 0.24
(umol cm?) log CO2(aq) 1 20.43 40.54  <0.001
Month x log CO2(aq) 17 294.28 1.90 0.02
C:N Month 17 292.79 2.88 <0.001
(mole:mole) log CO2(ag) 1 18.20 52.46 <0.001
Month x log CO2(aq) 17 292.89 5.98 <0.001
N:S Month 17 293.59 3.43 <0.001
(mole:mole) log CO2(ag) 1 20.04 8.78 0.01
Month x log CO2¢q) 17 293.79 2.26 0.003

41
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Fig. 4. Heat maps of (A) absolute growth rates, and (B) specific growth rates of Zostera marina
L. contoured as a function of pH or CO2@q) treatments (vertical left axis) and months (horizontal
axis) from May 2013 until October 2014. White symbols on each plot represent the slope of the
response variable vs. log CO2@q) concentrations (vertical right axis) estimated from linear
regression analysis as described in section 2.2.2, with statistically significant slope annotated with
asterisk symbols. Error bars represent + 1SE of the regression slope. The white horizontal line
connects the slopes that are not statistically different based on multiple comparison analysis. Plants
from pH 6.1 treatment were harvested in August 2014; therefore, no data was present from this
period onward. Data were previously published in Zimmerman et al. (2017).



43

In response to COzaq enrichment, mean shoot size (cm? leaf per shoot) exhibited a
logarithmic increase after 8 weeks, with consistently positive slopes (mean shoot size vs log
CO2(q)) throughout the experiment (Fig. 5A). The greatest COx(q) effects were observed during
the summers of 2013 and 2014, while winter showed weakened CO. effects, indicated by
shallower slopes, which coincided with lower temperature and reduced light levels. By the end of
the experiment, shoot size in high CO2@q) treatment had doubled in comparison to eelgrass grown

under ambient COx(q) conditions.
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Fig. 5. Heat maps of (A) mean shoot size, and (B) leaf density contoured as a function of pH or COx(q) treatments (vertical left axis)
and months (horizontal axis) from May 2013 to October 2014. Black and white symbols on each plot represent the slope of the measured
response variable vs. log CO2@q) concentrations (vertical right axis) estimated from linear regression analysis as described in section
2.2.2, with statistically significant slope annotated with asterisk symbols. Error bars represent + 1SE of the regression slope. The black
and white horizontal lines connect the slopes that are not statistically different based on multiple comparison analysis. Plants from pH
6.1 treatment were harvested in August 2014; therefore, no data was present from this period onward. (A) was redrawn from data

previously published in (Zimmerman et al. 2017).
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2.3.3 Leaf sucrose and leaf free amino acids in response to COz2aq) enrichment

In May 2013, prior to the start of CO2(q) enrichment, leaf sugar (as sucrose) and free amino
acids (FAA) contents exhibited no significant differences among the CO2(q treatment aquaria
(Fig. 6 and 7). The mean sucrose and FAA concentrations were 106.23 + 3.70 umol g DW and
0.18 + 0.06 pmol g DW.

After 4 weeks of continuous CO2@q) enrichment, both biomass-specific (g™t DW) and area
specific (cm?) leaf sucrose content increased logarithmically with [COz(aq)], as indicated by
consistently positive slope values (repeated measure ANCOVA, p < 0.001, Table 3) throughout
the experiment (Fig. 6A and 6B ). The most pronounced response to COz@q) concentrations was
initially observed during the summer and fall of 2013, with slopes nearly doubling those seen
during the same period in 2014, particularly for biomass-specific sucrose content. Seasonal effects
were also statistically significant (repeated measure ANCOVA, p < 0.001, Table 3), with slight
differences in the trends between biomass-specific and area-specific sucrose concentration,
particularly noticeable during the winter months. Biomass-specific sucrose concentrations were
highest across all CO2q) treatments in January and February 2014, coinciding with the slowest
growth rates (1% d1). This slower growth allowed sucrose concentrations to accumulate in leaves,
reaching nearly 700 umol g™* DW during this period, representing approximately 28% of the total
carbon in leaf tissues. These substantial soluble carbon reserves are poised for utilization as growth
rates increase during spring and summer. In contrast, higher area-specific sucrose contents were
evident during spring and summer, rather than in the winter, and coincided with the concurrent

increase in mean shoot size due to COz(q) enrichment (ref. Fig. 5A).
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Fig. 6. Heat maps of (A) biomass-specific sucrose concentrations, and (B) area-specific sucrose concentrations in leaf tissues contoured
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statistically different based on multiple comparison analysis. Plants from pH 6.1 treatment were harvested in August 2014; therefore,
no data was present from this period onward. (A) was redrawn from data previously published in (Zimmerman et al. 2017).
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Leaf FAA concentrations were initially close to zero for the first three months of the
experiment. However, they increased uniformly across all CO2qq) treatments through fall and
winter as growth rates declined (Fig. 7A, 7B). In spring, with the recovery of growth rates, FAA
concentrations declined. A significant positive effect of CO2q) on leaf FAA content was observed,
with the most substantial impact occurring in December and January. For eelgrass exposed to high
CO2@q) treatment, both biomass-specific and area specific FAA content more than doubled
compared to ambient COzq) treatment. Leaf FAA constitute a small fraction of total nitrogen in
leaves estimated to be between 1 and 6%, depending on the seasons.

The predominant amino acids in leaf tissues were glutamine (GIn), y-Aminobutyric acid
(GABA), proline (Pro), and alanine (Ala), collectively comprising over 90% of the total FAA pool
(Fig. 8). The relative abundance of these amino acids exhibited variations dependent on time and
CO2q) treatments. In December, high CO2@q) levels facilitated the accumulation of Gln, a
precursor of protein synthesis, constituting approximately 50% of the total FAA pool (Fig. 8).
However, in July, GIn decreased to approximately 10%, likely a response to increased growth
demand as growth rates recovered during the summer. The Gln levels in eelgrass leaves subjected
to ambient COzq) condition were relatively unchanged between December and July. Both CO»
enriched and unenriched (or ambient CO2uq) eelgrass accumulated more Pro in leaves in
December compared to July, likely in response to low temperatures (winter daily temperature
averaged around 5 °C, as shown in Fig. 2B). GABA, a non-proteinogenic amino acid related to
stress response (Guo et al. 2023), was approximately two times higher in December than in July
for CO2(aq) enriched plants. Similar to GIn, GABA exhibited no difference between December and

July for ambient CO2(q) conditioned eelgrass.



48

2.3.4 Total C, N, and S in leaf tissues

The total C, N, and S contents in leaf tissues were uniform across all aquaria in May 2013
prior to CO2¢q) enrichment, with mean concentrations of 28.5 mmol C g* DW (+0.2; n=20), 1.8
mmol N gt DW (+0.2; n=20), and 153.1 umol S g* DW (#5.0; n=20), respectively (Fig. 9A, 9C,
and 9E). However, after this stable period, significant CO> treatment effects were observed, but
the responses varied depending on the specific response variables.

Total leaf C increased linearly with log CO2(q) concentrations, with statistically significant
positive slopes (determined through repeated measure ANCOVA, p <0.001, Table 3). The positive
CO2q) treatment effects were particularly evident when leaf C content was normalized to leaf area
(Fig. 9B). The slopes for area-specific leaf carbon content (umol cm?) vs log COzag)
concentrations consistently remained significantly positive throughout the experiment. These
slopes were highest from August to October 2013, declining during the winter months when
CO2q) effects were less pronounced and growth rates decreased. In this period of low growth,
leaves accumulated more C per gram of biomass in the form of sucrose, constituting approximately
28% of total carbon, as illustrated in Fig. 6A. In contrast, sucrose made up no more than 20% of

total carbon in high CO2@q) (2121 uM, pH 6.1) enriched eelgrass in summer and spring.
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Fig. 8. Concentrations of specific free amino acids (FAA) concentrations in Zostera marina L. leaf
tissues from the highest CO2@q) (hash lines) and ambient CO2@q) (solid color) treatments,
contrasting between December 2013 (red) and July 2014 (black). Specific FAA and abundance
were analyzed using electron spray ionization liquid chromatography tandem mass spectrometry
(ESI-LC-MS/MS) with ion pairing chromatography. Amino acids include: glycine (GLY),
asparagine (ASN), serine (SER), glutamine (GLN), aspartic acid (ASP), alanine (ALA), threonine
(THR), glutamic acid (GLU), y-Aminobutyric acid (GABA), proline (PRO), ornithine (ORN),
valine (VAL), isoleucine (ILE), and leucine (LEU).
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Leaf N content per gram dry weight decreased linearly with increasing log CO2(q)
concentrations, with significant negative CO2@q) treatment effects evident in 10 out of the 18
months, primarily during summer and spring (Fig. 9C, Table 3). In these periods, eelgrass exposed
to elevated COz(q) (2121 pM, pH 6.1) conditions had leaf N content approximately 20-30% lower
than those under ambient CO2(q condition (55 uM, pH 7.7). Biomass-specific leaf N content
exhibited a seasonal pattern, being lower during high-growth summer months and higher during
low-growth winter months, with no significant impact from COxq treatments during winter
(slopes =0, Fig. 9C).

In contrast, area-specific leaf N content exhibited a linear increase with increasing log
CO2(q) concentrations, but this effect was limited to specific months (Fig. 9D, Table 3). Notably,
COz-induced changes were observed in October and December 2013, as well as May and August
2014, with significant positive slopes. The highest slopes occurred in October and December, with
N content approximately 1.5 times higher under high CO2@q compared to ambient CO2aq)
conditions. Leaves contained the lowest N content (per leaf area) during late winter and early
spring (February to beginning of April), measuring at less than 6 pmol cm across all COzg)
treatments. The positive response of area-specific leaf N content to CO2qq) treatments closely
mirrored the pattern observed for leaf FAA, where significant CO»-stimulated increase in area-
specific leaf FAA concentrations were observed during the same months, as shown in Fig. 7B.

Similarly, area-specific leaf S content in Fig. 9F followed a similar pattern observed in leaf
FAA in Fig. 7B, suggesting that the presence of S in leaves is likely associated with sulfur
containing amino acids. When normalized to biomass, total S content in leaves responded
negatively to increasing log COxq), but the slopes were not consistently negative throughout the

course of the experiment.
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The COz-stimulated increase in leaf C and the simultaneous decrease in leaf N led to a
significant increase in the molar C:N ratio in all months, with the exceptions of May and November
2013 and July 2014 (Fig. 10A). The slopes were consistently positive throughout the experiment,
except for these specific months. During the peak of summer and fall of 2013, when CO2(yg)
treatment effects were most pronounced, the slopes were at their highest, but they weakened
considerably in the winter, dropping nearly four times compared to the warmer seasons. During
these warmer months, the area-specific leaf C content for COz-enriched eelgrass was nearly two
times higher than those grown under ambient COq condition, with approximately 20% of this
carbon present as soluble sucrose (ref. Fig. 6A).

The molar N:S ratios in Fig. 10B, which fell within the range of 6 and 20, exhibited
seasonal variations that tracked the changes in N content and, to a lesser extent, S content in leaves.
The highest values were observed between November and February during the colder months. The
N:S ratio in spring, summer, and fall typically ranged between 6 and 15, with lowest N:S ratio
observed in late spring in May 2014. Despite this seasonal pattern, there were inconsistent CO2(ag)
treatment effects (Table 3). Typically, the molar N:S ratios decreased with increasing log CO2(ag)

concentrations, except for December when the slope was positive.
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2.3.5 Whole plant comparisons in October 2014

After the 18-month experiment concluded, eelgrass subjected to the highest COxzaq)
treatment more than doubled their above- and belowground biomass, evident in Fig. 11 and
supported by the shoot size data in Fig. 5A. Simultaneously, sucrose concentrations (umol g™t DW)
in leaves and rhizome measured in October 2014 increased linearly with increasing COgzq) levels,
while roots remained unaffected. The rhizomes, exhibited the strongest response to COz(g)
treatment (as indicated by higher slopes shown in Fig. 12 and Table 4), experienced a nearly two-
fold increase in sucrose concentrations compared to the ambient COz@q) condition. Even under

ambient COz(q) conditions, the rhizome contained more sucrose compared to other plant tissues.

\ I

'

74 17
107 55

Fig. 11. Differences in eelgrass shoot sizes across pH (or CO.q) gradient at the end of the
experiment in October 2014. Image was previously published in (Zimmerman et al. 2017).



Table 4. Linear regression for the effect of CO2@q) On sucrose, FAA, total C and N contents on
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leaf, rhizome, and roots at the termination of the experiment (October 2014) after 18 months of
COz enrichment at treatments: 55, 107, 371, 823 and 2121 umol CO, Kgt SW. (a = 0.05).

ANOVA
Dependent variable Slope  SE (slope) Intercept  r? df MS = p
Sucrose (umol g* DW)
Leaf 0.17 0.05 18578 049 1 41354 12.66 0.004
Rhizome 0.28 0.10 215.69 035 1 115781 7.50 0.016
Root 0.08 0.04 92.56 020 1 9494 3.51 0.082
FAA (umol g DW)
Leaf 0.004 0.01 21.12 001 1 24 0.18 0.681
Rhizome -0.06  0.02 72.70 044 1 5360 11.19 0.005
Root -0.01  0.00 24.90 026 1 119 465 0.05
Total C (mmol g* DW)
Leaf -0.10 048 30.14 0.00 1 0.08 0.04  0.837
Rhizome 1.38 0.58 25.32 029 1 63 5.70 0.032
Root 0.55 0.44 24.91 010 1 101 155 0.233
Total N (mmol gt DW)
Leaf -0.30 013 2.56 028 1 03 548 0.035
Rhizome -0.72  0.20 2.68 050 1 174 13.73 0.002
Root -0.11  0.05 0.96 026 1 0.04 486 0.045
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A significant COzq) treatment effect on FAA concentrations was only observed in the
rhizome, where concentrations decreased linearly with increasing COzq) levels (Fig. 12). Eelgrass
subjected to elevated CO»(q) treatment demonstrated a significant two-fold reduction in FAA
content in the rhizome compared to those grown under ambient conditions in October 2014 (Table
4).

Rhizome C content increased logarithmically with COzaq) treatments (r>= 0.29, p = 0.032)
(Fig. 13 and Table 4). COz(@q) enrichment led to a maximum increase of 6% in rhizome C content,
with no observed impact on leaf and root C contents at this last measurement. In contrast, the N
content of all plant tissues decreased linearly with log CO2(q) concentrations, and the slopes for
leaves, rhizome, and roots were significantly different from each other (Fig. 13, Table 4, and Table
5). CO2(q) enrichment resulted in a reduction of N content ranging from 20 to 60 % across all plant
tissues in October 2014. The most significant reduction occurred in the rhizome, indicating robust
CO2(aq) treatment effects, with slopes twice as high as in leaves and six times higher than in roots
(Fig. 13 and Table 4). A marked difference in the molar C:N ratio emerged with increasing CO2(aq)
concentrations between above- and belowground tissues, with the ratio increasing by

approximately 150% in rhizome over 24% in leaves and roots.
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Fig. 12. Sucrose (left) and free amino acids (FAA) (right) concentrations for leaves (top), rhizome
(middle), and roots (bottom) plotted against CO2(q) concentrations with corresponding pH scale
presented on the secondary x-axis. The above data represent sucrose and FAA contents measured
at the end of the 18-month experiment in October 2014. The solid line represents linear regression

through all data points (n = 4, replicates = 16). The dotted line represents the 95% confidence limit

on the regression line. Error bars are +1 SE.
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Fig. 13. Leaf, rhizome, and root total C (left axis) and N (right axis) content in Zostera marina L.,
shown as a function of log CO2(@q) concentrations and pH (secondary x-axis). Data were collected
experiment’s conclusion in October 2014. The solid line represents the linear regression fit to all
data points (n = 4 for all treatments, except for log CO2q) = 2.9, where n = 3). The dotted line is
the 95% confidence limit on the regression line. The error bars indicate +1 SE.
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Table 5. Summary ANCOVA tables for Type Il tests of fixed effects (Tissue types) using the
mixed linear model routine performed in SPSS with log CO2(q) as a covariate. DW: dry weight. A
= 0.05. Test was performed for total N content measured in tissues collect in October 2014.

Dependent variable  Source df SS MS F p
Total N Tissue types 2 11.70 5.85 9291 <0.001
(mmol g DW) log CO2¢q) 1 1.42 142 2254 <0.001

Tissue types x log CO2(q) 2 066 033 521 0.010

2.3.6 Growth demand

The initial growth demands for carbon and nitrogen, calculated using Eq. (1) and Eq. (2),
were uniform across all COzq) treatments, with mean concentrations of 90.6 (+ 8.1 SE) pumol C
shoot d and 5.7 (+ 0.5 SE) umol N shoot™ d!, respectively. After 4 weeks of COz(q) enrichment,
growth demand for both carbon and nitrogen increased in response to CO»-stimulated growth rates
(as depicted in Fig. 4A), resulting in seasonal patterns in C and N demands (Fig. 14 and 15). Higher
growth rates in the summer resulted in higher growth demands. The maximum growth demand
was predicted to occur July and September, with the minimum growth demand projected for
January and February.

Both C and N demand exhibited a hyperbolic increase with CO2@q) concentrations,
especially during the summer, reaching asymptotic values of 369 pmol C shoot™* d* and 18 umol
N shoot? d, respectively (Fig. 16). These values represent the maximum CO,-saturated C and N
uptake rates, constrained by growth rates. Predictions suggest that eelgrass under elevated CO2(g)
(2121 puM, pH 6.1) should undergo a two-fold increase in C and N demand when growth rates
peak at 3% d. Conversely, as growth rates decrease to 1% d* in the winter, growth demands

declined dramatically, remaining uniformly low across all COx(,q) treatments.
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demand offset, respectively.
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2.3.7 Sucrose reserves

With the exception of the ambient CO2q) treatment (pH 7.7) in September and October
2014, all monthly estimates of sucrose available for new growth (Syew,m), calculated using Eq. 6,
were positive (Fig. 17). This indicates a deficit, signifying that growth demand during September
and October 2024 exceeded the metabolic carbon production during those months (P, in Eq. 5),
resulting in a negative sucrose reserve, as shown in Fig. 18. The seasonal variation in S,,e,, Was
evident, with more sucrose available for growth demand during the summer than in winter.
Additionally, the amount of sucrose available for growth was influenced by COzq) treatment,
increasing with COzq) concentrations. Even during peak summer growth demand, eelgrass had
approximately 15 to 35 times more sucrose per shoot in the highest COxq) treatment (pH 6.1)
compared to ambient COz@q) (pH 7.7) condition, with the latter observed in 2014. This represents
between 80 and 140 days of sucrose reserves to support growth (ref. Fig. 18).

There was a notable difference in sucrose reserves between summer and winter. Generally,
more sucrose reserves were present during winter months across all CO2q) treatments due to lower
growth rates and reduced growth demand. In particular, between January and February, eelgrass

contained approximately 20 to 160 days of sucrose reserves depending on the CO2(q) treatment.
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2.4 Discussion

This study explored the intricate dynamics of long-term (18 months) and continuous
CO2(q) enrichment on eelgrass physiology, revealing both seasonal and tissue-specific responses.
A noticeable lag response to CO2(q) enrichment was observed, with measurable effects taking up
to 6 weeks to manifest. However, once established, the overall responses exhibited statistically
linear trends across various COz@q) treatments, producing measurable functional responses to
CO2(q). Positive impacts on growth rates contrasted with findings from shorter-term (<6 weeks)
studies (Ow et al. 2015; Ow et al. 2016), but aligned with results from other long-term (~1 year)
studies (Palacios and Zimmerman 2007; Zimmerman et al. 2017). This study underscores the
importance of longer experimentation, spanning multiple plastochron intervals, which denote the
time between successive events of leaf initiation, to effectively assess the influence of CO2 on
plant performance. Additionally, shoot sizes, leaf density, and growth demands for carbon and
nitrogen increased with increasing COz@q) concentrations, displaying pronounced seasonal
patterns. Summer months saw a two- to three-fold increase in these parameters, while minimal
effects were observed in winter, likely due to cold temperature and reduced light levels, which

tend to slow down metabolic activities.

2.4.1 Enhanced plant performance compositions under increasing CO2q) concentrations
Over the 18-month experiment, COzuq enrichment significantly increased sucrose
accumulation in eelgrass leaves, even during two summer periods of prolonged thermal stress (25
°C for eelgrass established by Evans et al. (1986)). Elevated CO2q) stimulated sucrose production
in leaves, surpassing growth demands and resulting in sucrose reserves three to six times higher

than those observed in eelgrass under ambient CO2q) conditions (see Fig. 18). This increased
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sucrose content provided shoots with abundant carbon reserves, leading to at least a doubling in
growth rates and shoot size, especially during the second year. The accumulation of reserves was
highest during the cold winter months due to slow growth and low C demand. Labile sucrose
constitutes nearly a third of the total C pool in leaf tissues of eelgrass subjected to highest CO2(yg)
treatments, serving as readily available metabolizable carbon reserves for vegetative and flowering
shoots in the following spring and summer. In a concurrent CO2@q enrichment study that
employed the same plants, Zimmerman et al. (2017) observed high flowering rates in the spring
of 2014 and a subsequent doubling of shoot numbers in the highest CO2(q) aquaria, attributable to
significant sucrose reserves resulted from COz@q) enrichment. Moreover, within the same study,
the documented shoot losses during late summer 2014, in the absence of CO2(q) treatments,
seemed to align with a deficiency in sucrose reserves determined in this study. During that specific
summer, the eelgrass experienced a prolonged period of high water temperature exceeding 25 °C
for 124 consecutive days (Celebi-Ergin et al. 2021). This prolonged exposure to high temperature
likely led to increased carbon demand to sustain high respiratory metabolism, consequently
depleting the sucrose reserves, and leading to shoot loss.

The impact of CO2(q) treatments on FAA content was generally positive, though it was not
consistently observed throughout the experiment. CO»-stimulated growth tended to maintain
relatively low FAA concentrations, except during winter months when FAA accumulation in
leaves became apparent, particularly under elevated COz@q) conditions. In winter, with low N
demand for growth, the effects of COz@aq were most pronounced, leading to a three-fold
accumulation in leaf FAA concentrations. As growth rates and growth N demand rebounded in the
spring and summer, FAA levels decreased and consistently remained low, not exceeding 3% of

the total N pool. While modest, the 1-6% range of FAA measured in this study corresponds to the
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lower end observed in previous research. Earlier studies have shown that FAA levels in seagrass
can vary widely, ranging from less than 1% to greater than 60% of the total N pool in seagrass
(Pirc 1985; Pirc and Wollenweber 1988).

It is likely that the CO.-stimulated growth led to rapid depletion of FAA concentrations, as
protein synthesis and biomass production increased under elevated CO2(q) conditions (Platt and
Bassham 1978; Andrews et al. 2018). Various metabolic pathways also stimulated by COo,
particularly those involving photosynthetic metabolism (Apostolaki et al. 2014; Zhao et al. 2019;
Zayas-Santiago et al. 2020) can exert greater demand for FAA, as synthesis of photosynthesis-
related proteins is up-regulated (Zhao et al. 2019). In recent molecular studies, long-term exposure
to elevated CO: levels led to an increase in proteins related to light harvesting in Cymodocea
nodosa (Piro et al. 2020). Similar responses are expected to occur in Z. marina, potentially drawing
down FAA concentrations to low levels, especially during peak growth.

The differences in the accumulation patterns of specific FAA between the highest CO2(aq)
and ambient CO2q) treatments could offer additional insights into the feedback regulation of CO>
on N metabolic pathways. Because glutamine (GIn) represents the first amino acid formed from
the assimilation of NH4", higher levels of GIn in the highest CO2q) treatment compared to ambient
CO2q) treatment suggests enhanced N assimilation driven by COaz@q) concentrations. These
findings are consistent with increased N uptake and the abundance of N assimilation metabolites
observed in both terrestrial Cs plants (Andrews et al. 2018) and marine plants (Zayas-Santiago et
al. 2020). Additionally, reduced y-Aminobutyric acid (GABA) levels under elevated COx(q) in
July, during prolonged high-temperature periods, may indicated a stress mitigation effect by

CO2@q). GABA, a non-protein amino acid, typically accumulates in stressed plants, often
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exceeding levels observed in amino acids involved in protein synthesis (Kinnersley and Turano
2000).

The decrease in the biomass-specific N content in leaves under increasing CO2(q)
concentrations was associated with increased leaf density and thickness resulting from CO2(g)
enrichment. The increased mass per unit area in COz-enriched eelgrass leaves resulted from an
increased number of mesophyll cells rich in carbon (as cellulose, carbohydrates), contributing to
thicker leaves. Micrograph analysis of leaf cross-sections from COz-enriched eelgrass leaves,
obtained from a concurrent study with the same plants (Celebi-Ergin et al. 2021), revealed
increased thickness in the mesophyll and air lacunae layers, with minor changes noted in the
epidermis layer, where most of the N (as proteins, enzymes, chloroplasts, etc.) is concentrated
(Kuo and Hartog 2006). Consequently, the reduction in N content per gram of leaf was likely a
result of dilution effects caused by the significant CO»-stimulated accumulation of carbon in
thicker leaves, rather than being a result of N-limitation. Further evidence against N-limitation in
this study includes the positive growth responses observed under elevated COq conditions,
coupled with higher leaf N content on a per-area basis.

Examining the N:S ratio offers an additional means to assess N-limitation in plants, given
its role as an indicator of nutritional quality and a proxy for N-limitations in terrestrial plants (Gulit
and Hosgokdelen 2021). This is due to the interconnectedness of N and S in protein synthesis,
which influences the availability of these elements within plants. The established N:S for optimal
plant growth (7:1 to 15:1) can vary widely depending on plant species and environmental
conditions but generally averages around 12:1, as reported in various literature values (Martin and
Matocha 1973; Giiliit and Hosgokdelen 2021; Zenda et al. 2021). If the optimal molar N:S ratios

in eelgrass are comparable to those in terrestrial plants, the findings in this study suggest that
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eelgrass is not limited by N based on the observed N:S ratios, which ranged between 6:1 and 20:1
as illustrated in Fig. 10B, even during periods of high growth induced by COz(q) enrichment.

The dilution of N by C resulted in the elevated molar C:N ratio in COz-enriched eelgrass
leaf tissues in this study. At highest COzq) level (2121 4M COzq)), the leaf C:N ratio increased
by more than 35% compared to the established elemental ratio of 16C:1N (Duarte 1990), except
during the winter when the ratio remained comparable to the established value. The CO2-induced
shift in nutrient status followed the trend observed in many marine phytoplankton (Burkhardt et
al. 1999) and is consistent with values reported for Thalassia spp. under both field and laboratory
conditions (Jiang et al. 2010; Campbell and Fourqurean 2013). The transition to a higher C:N ratio
in the nutrient stoichiometry carries significant ecological consequences for marine ecosystem,
particular in sediment biogeochemistry. Leaf nutrient quality serves as a robust indicator of the
litter decomposition rates (Enriquez et al. 1993; Ouyang and Lee 2022) and high C:N ratio,
indicative of reduced N content or an elevated carbon-nitrogen balance, may lead to slower
decomposition rates due to lower microbial activities associated with low litter quality (Goldman
et al. 1987). Slow decomposition rates can enhance carbon sequestration as more organic carbon
can be retained in the sediment over time rather than being released to the atmosphere as CO2 (Gu
et al. 2023). Predicted future CO2 concentrations may, therefore, promote blue carbon storage in
sediments. However, high CO> conditions may have less favorable impacts on trophic interactions,
potentially altering nutritional quality of eelgrass based on the observed patterns in molar leaf C:N
and N:S ratios in this study.

Although the ocean pH is not expected to decline to 6.1 (the lowest pH treatment in this
study) in the near future, a 0.3 unit drop is expected by 2100 (Bindoff et al. 2019). Using the linear

relationship established for C:N vs. pH (or CO2(@g)), the C:N ratio of eelgrass in the Chesapeake
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Bay is predicted to experience a 12% increase by 2100. If nitrogen is the benchmark for nutritional
quality, the shift towards heavier C:N ratio means lowering of nutritional quality, which in turn
may influence plant-herbivore interactions (Zvereva and Kozlov 2006; Stiling and Cornelissen
2007; Hernén et al. 2016). How grazers respond to lower nutritional quality will depend on the
nutrient requirement of the grazers but consumption is expected to increase since grazers must
consume more leaf tissue to compensate for the decreased N content. In two separate feeding
experiments, the sea urchin consumptions of Cymodocea nodosa (Jiménez-Ramos et al. 2017) and
Posidonia oceanica leaves and seedlings (Hernan et al. 2016) showed positive correlation to CO>
concentrations. CO> enrichment decreased the N content of P. oceanica seedlings and >50% of
these seedlings were consumed by sea urchins relative to the unenriched seedlings. Using pH levels
as indicators of CO; concentrations, Jiménez-Ramos et al. (2017) found that sea urchins preferred
CO: enriched over unenriched C. nodosa leaves, which contained lower phenolic acids, a grazing
deterrent compound. All things considered, seagrasses in future ocean will likely face greater risk

from increased grazing pressure that may counter the positive effects of CO> availability.

2.4.2 Whole plant response under increasing COz2aq) concentrations

CO2q) enrichment had a distinctly positive impact on the carbon balance of eelgrass shoot
consistent with terrestrial Cs plants (Leakey et al. 2009), fleshy marine macroalgae (Gao et al.
1991; Suarez-Alvarez et al. 2011) and many other seagrass species (Jiang et al. 2010). Sucrose
availability affects the sugar sensing system in higher plants and modulates the gene expressions
that controls resource allocations between plant compartments, storage and utilization (Koch
1996). Although sucrose production occurred in the leaves, most of it accumulated in the rhizomes,

then leaves and little in the roots, a trend consistent with other Z. marina and seagrass studies
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(Touchette and Burkholder 2000b). There was also evidence of downward translocation of sucrose
from leafy shoot to rhizome based on increasing rhizome sucrose contents (8% to 15% dry weight)
with increasing COzq) concentrations. Mobilization of substrates between plant structures have
been documented based on direct measurements from short term*“C incubation studies (Harrison
1978; Zimmerman and Alberte 1996; Marba et al. 2002), therefore it was not surprising to see
higher net sucrose accumulation in the rhizome than leaves with the CO> subsidy. Increased
accumulation of sucrose and storage in rhizomes provide carbon reserves to support a doubling of
absolute growth rates during the second year. This finding suggests that sucrose reserves may play
an important role in regulating and signaling growth rates. Furthermore, large sucrose reserves can
lead to earlier flowering shoot initiation and increased flowering rates as discussed earlier. We
expected the roots to respond similarly, however, roots sucrose content was consistently at 4% dry
weight regardless of CO> treatment and lacked any appreciable trend.

This 18-month study highlights eelgrass responses to prolonged COgz@q) enrichment,
emphasizing the need for seasonal experimental durations for accurate assessments of plant
performance. Increased COx(q) availability could improve seagrass resilience to climate change
by enhancing their C and N metabolism, resulting in positive carbon balance to support increased
growth. Increased CO-(q) concentrations may not always lead to N-limitation as nutrient status
depends on the balance between the growth demand and N supply. In addition, seagrasses are also
sensitive to environmental changes, including light, temperature, and nutrient levels. The
interactive effects of CO2@q) and these factors can lead to complex responses in seagrass
ecosystems. For instance, while CO.-stimulated growth and productivity, other environmental

stressors, such as eutrophication could offset these benefits. Understanding the intricate
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relationship between CO2@q) and environmental variables is essential for predicting the future

health and resilience of seagrass habitats in the face of ongoing climate change.
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CHAPTER 3

IMPACTS OF ELEVATED CO2 AND SEDIMENT EUTROPHICATION ON ZOSTERA

MARINA L.: AN ENRICHMENT STUDY

3.1 Introduction

Seagrass ecosystems are increasingly exposed to multiple anthropogenic stressors that can
act to enhance or limit vegetative survival and reproductive success. Anthropogenic CO: is not the
only global antagonists in future ocean invoking physiological changes in seagrass. Seagrasses are
also dealing with a more localized stressors such as eutrophication, sediment loading and physical
disturbance. Though these global and local stressors can individually influence seagrass growth
and survival, they rarely act in isolation. In particular, the response of seagrasses to a changing
climate will also depend on how they respond to these local stresses.

Eutrophication is a chronic problem in coastal system and implicated as the major cause of
large-scale seagrass habitat loss worldwide (Orth et al. 2006; Burkholder et al. 2007; Koch et al.
2007; Waycott et al. 2009). Nitrogen pollution from point and non-point sources can stimulate
nuisance algal growth in coastal waters, reducing light available for seagrass photosynthesis
(Burkholder et al. 2007). In addition to light reduction, eutrophication can exert a more direct
physiological impact from nitrogen (N) toxicity (Burkholder et al. 1992; van der Heide et al.
2008a). The thresholds for N toxicity vary widely depending on the seagrass species, the form of
nitrogen (e.g., NO3s™ vs. NH4") the source (water column vs. sediment) and the duration of exposure
(days vs. weeks), but dissolved inorganic N (DIN) as low as 30 zmol L can cause irreversible

damage to the leaves, resulting in shoot mortality of Zostera marina L. (eelgrass) (van Katwijk et
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al. 1997; Brun et al. 2002; Govers et al. 2014). The exact underlying mechanism responsible for
toxicity related death remains inconclusive but it is known that NH4" additions can cause a
reduction in carbohydrate (sugar) content and instigate internal carbon and nitrogen imbalance in
both terrestrial (Matsumoto et al. 1971; Lindt and Feller 1987) and aquatic plants (Brun et al. 2002;
Cao et al. 2004). High NH4" concentrations can quickly exhaust fixed carbon reserves, particularly
a-ketoglutarate, during rapid detoxification of NH4" into amino acids (Givan 1979; Lancien et al.
2000; Cruz et al. 2006). The depletion of carbon skeleton may exert negative feedback on N
assimilation allowing NH4" to accumulate inside the cell to levels that are detrimental to metabolic
functions and survival (Kosegarten et al. 1997; Britto et al. 2001; Qin et al. 2011). These
observations have led some to suggest carbon limitation as the leading cause of N toxicity related
seagrass death in eutrophic environment (Kaldy et al. 2022).

In eutrophic environments, the deposition of large quantities of organic materials (OM)
resulting from algal blooms and seagrass detritus can enhance the anaerobic OM decomposition
and consequently sulfide (H2S) production in these anoxic sediments (Jgrgensen et al. 2019). In
the absence of oxygen, sulfate reduction is the predominant mineralization process responsible for
up to 90% of the organic carbon oxidation in highly productive, estuarine and marine sediments
(Jargensen 1982; Burdige 2006) The accelerated rate of this process can lead to elevated
concentrations of H>S, particularly in carbonate sediments that possess a low iron content. Reactive
iron in siliciclastic sediments may reduce H>S concentrations by facilitating the formation of iron
monosulfide precipitates. These precipitates render H>S biologically unavailable (Canfield 1989;
Kraal et al. 2013). However, when H>S levels are high, the iron buffering capacity can become
overwhelmed, leading to the accumulation of toxic concentrations that can harm seagrasses.

Toxicity occurs as a result of H>S intrusions through the roots into the lacunae and the meristem
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tissues, causing various adverse physiological damages. Sulfide is a potent phytotoxin and
extremely harmful to seagrass even at low concentrations. Studies have shown thata 1-10 uM HS
can cause disruption to meristematic cell division (Garcias-Bonet et al. 2008), and concentrations
>100 uM can stop photosynthetic activity, reduce carbohydrate reserves in roots, inhibit growth
and cause death (Holmer and Bondgaard 2001; Koch and Erskine 2001; Mascaro et al. 2009;
Dooley et al. 2013).

To prevent H,S intrusion and its deleterious effects, seagrasses rely on the oxygen
produced during daily photosynthesis to support root aerobiosis and detoxify H.S (Smith et al.
1984; Hasler-Sheetal et al. 2015). Since only a small fraction, between 4 and 10% of the
photosynthetic oxygen produced is transported through the aerenchyma to the belowground
structures, and about 1% of that is leaked from the roots to the surrounding rhizosphere, the ability
to curtail HS intrusion can become increasingly challenging in organic-rich sediments and in low
light environments (Borum et al. 2005; Borum et al. 2006; Burdige et al. 2008). However, CO-
stimulated photosynthesis should enhance the oxygen transport to the roots and rhizomes thus
influencing the seagrass-sulfide dynamics and alleviate toxicity.

The response of seagrasses to future climate change will depend on many factors that act
simultaneously and interactively. The goal of this study was to examine how CO3, nutrient
availability and organic matter loading together act to influence biochemical composition, growth,
and survival of eelgrass. This study hypothesized that CO. enrichment will increase the survival

of eelgrass in nutrient and organic carbon enriched sediments.
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3.2 Materials and methods
3.2.1 Sediment and plant collections

Both sediments and plants were collected in April 2014. Sediments were collected from
the Elizabeth River (Virginia, USA), an intertidal system of the lower Chesapeake Bay, about 3
meters from the shoreline. The grain size distribution was determined using a laser diffraction
technique on the Malvern Mastersizer 2000 (Particle Size Analyzer). The sediment contained a
mixture of fine to coarse-grained sand and debris including plant materials, algae, and shell
fragments. The presence of these debris could potentially interfere with the experiment; therefore,
they were preemptively removed by hand as a precautionary measure. Eelgrass shoots were
collected by hand from the South Bay coastal lagoon on the eastern shore of the DelMarVa
Peninsula and transplanted within 24 hours of collection to the outdoor CO> experimental facility

at Virginia Beach Aquarium (Virginia) as described in Chapter 2.

3.2.2 Sediment fertilization and COz@q) enrichment

The interactive effects of sediment fertilization and CO2@aq enrichment on plant
performance was determined using four fertilization treatments distributed across five pH (or
CO2@q) levels, with two replicates for each fertilizer x pH (or CO2@q) treatment. The four
fertilization treatments included: (i) bare sediment (Control), (ii) sediment enriched with the slow-
release commercial plant fertilizer Osmocote® containing N:P:K ratio of 19 (10% ammoniacal,
9% nitrate):6:12 (% wt./wt.), (iii) sediment enriched with organic carbon (OC) consisting of
reagent grade starch (C12H22011) and cellulose (CeH100s) powder (Sigma-Aldrich®), and (iv)
sediment enriched with both Osmocote® and organic carbon (NPKOC treatment) (Fig. 19). The

nitrogen and organic carbon dosing were adapted from Govers et al. (2014) to induce toxicity (N
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and H2S) to plants and enrich porewater to levels comparable to highly eutrophic system
(Santamaria et al. 1994; Peralta et al. 2003; Holmer et al. 2005; Koch et al. 2007; Lamers et al.
2013). To simulate the effects of nutrient loading on plant performance, 27 g of Osmocote® pellets
were added to 2 Kg of dried sediment (bulk density of 1.5g cm), resulting in a total loading of
approximately 4 mg N cm=. Sediments and pellets were thoroughly mixed in a small plastic barrel,

manually tumbled until they were well blended.

Out flow to creek
A Inflow

20 shoots per container (4 L)

I Organic C
(starch+cellulose)
1mgcCcm?d

Com CO,

Fig. 19. Sediment fertilization and COz@q enrichment experimental design. Details of the
schematic diagram of the outdoor CO> enrichment facility was provided in Chapter 2 (see Fig. 1).
Zostera marina L. collected from South Bay (Eastern Shore, Virginia) was transplanted into 4-
liter plastic plant pot, each containing 2Kg pre-treatment sediments. The sediment types include:
Control (no fertilization) (red), NPK (fertilized with Osmocote® (orange), organic carbon
(yellow), and NPKOC (green). A set of each sediment type (four plant pots in total) was placed in
ten of the twenty CO. aquaria poised at 5 pH (or CO2(q)) levels.
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To isolate the effects of H2S toxicity in plants, 1.5 g of starch and 1.5 g of cellulose powder
were mixed into to 2 Kg of dried sediments to stimulate in situ H>S production. The additions
provided a total loading of approximately 1 mg C cm™ sediment. To mimic a eutrophic sediment
type, a combination of Osmocote® and organic carbon was added to the NPKOC treatment at a
4N:1C ratio. A control treatment consisting of unenriched sediment was added to the experimental
design to provide a baseline comparison of plant performances amongst treatments. All sediment
types received identical manual mixing treatments as described above to ensure sediment
homogeneity and avoid bias due to mixing.

Twenty healthy eelgrass shoots with intact rhizomes and roots were transplanted into a 1-
gallon (4 L) round pots (16.5 cm diameter x 17.8 cm height) lined with plastic. Each pot contained
one of the four sediment types: Control, NPK, OC, and NPKOC. Due to limited space caused by
concurrent experiment at the CO2 enrichment facility, a set of each sediment type (four plant pots
in total) was placed in ten of the twenty CO> aquaria poised at 5 pH (i.e. CO2(@q)) levels. The plant
pots were positioned near the outflow to flush away any diffused NH4 "and H2S from the sediments
into the overlying water column throughout the two-months study. Detailed descriptions of the
outdoor CO> experimental design were provided in the Methods section in Chapter 2. To briefly
summarize, each aquarium (3 m®) was plumbed with running seawater (10 turnovers per day) from
the adjacent Owls Creek (mean salinity of 24 + 3). Each aquarium was continuously enriched with
beverage grade, compressed CO(g) from June 2013 to October 2014. The aqueous CO2 (COz(g))
level in each aquarium was adjusted individually by using CO2 bubblers with solenoid valves,
which were controlled by Eutech Alpha 190 controller and transmitter equipped with submersible
glass electrodes. Five levels of pH (or CO2nq) concentrations were maintained using this

experimental set-up, ranging from ambient (~55 xmol CO, Kg SW, pH 7.7) to 2121 umol CO;
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Kg® SW (pH 6.1). The treatments were spaced at approximately 0.5 pH unit intervals to achieve
the desired range of CO2(q) concentrations. The experiment commenced at the beginning of May

of 2014 and terminated when plant mortality in at least 1 treatment exceeded 90% (July 2014).

3.2.3 Experimental conditions

Light level (PAR), pH, salinity and water temperature were continuously monitored by the
CO: experimental facility (see Chapter 2). Water chemistry in Owls Creek was monitored as part
of the water quality monitoring program by the Virginia Beach Aquarium staff at their Water
Quality Lab. Time series data of the macronutrient concentrations (NH4*, NOs", and PO4*) from
1998 to 2015 were provided by the Aquarium (M. Swingle unpubl. data). The aquarium conducted
weekly monitoring of nutrients in the surface water from 1998 to 2012, transitioning to monthly

monitoring from 2012 to 2015.

3.2.4 Porewater sampling and analyses

Interstitial porewater were collected weekly for of NH4*, NOx (NO3+NO7), PO4* and H2S
starting one week after transplantation. Samples were carefully withdrawn from each treatment at
5 cm below the sediment surface using a 15 mL plastic syringe fitted with a 3-way stop cock and
a stainless-steel needle. The porewater samples were immediately filtered through a GF/F filter
followed by a 0.2 «M nucleopore disposable filter. Approximately 5 mL of filtered samples were
collected and stored in a plastic nutrient vial and frozen until analyses. NOx and PO.*
concentrations were analyzed on an Astoria-Pacific auto nutrient analyzer using standard methods
(Parsons 2013). Ammonium was analyzed manually using the indophenol-hypochlorite method

(Solorzano 1969).
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Porewater H>S samples were collected from each treatment using a 5 mL gas-tight glass
syringe fitted with a 3-way stopcock and a 5 cm long stainless-steel needle. A 1 mL sample was
immediately transferred into a crimp-sealed glass serum bottle containing 9 mL fixing solution
made up of equal volumes of deoxygenated 10 mM ZnCl, and 20 mM NaOH. Oxygen was
removed from the headspace by flushing with N2 gas immediately prior to crimping. The fixed
samples were stored in a refrigerator at 4 °C until analysis the next day. Porewater H,S
concentration was analyzed colorimetrically at 670 nm using the mixed diamine reagent method

(Cline 1969) standardized to sodium H,S (Na2SgH20).

3.2.5 Growth rates, plant size, and survival

Shoots in each pot were counted at the beginning of the experiment and every two weeks
thereafter until the end of the experiment. Immediately following the shoot count, one shoot per
pot was randomly selected and tagged for growth measurements using the hole-punch method as
described in Chapter 2 (Zieman 1974; Zimmerman et al. 1996). Subsequently, the tagged plants
were evaluated for new growth, total leaf area (cm?), absolute growth rates (AGR, cm? d?), and
specific growth rates (SGR, % d!) following the procedures outlined in the Methods section of
Chapter 2. Survival was determined by normalizing the number of shoots to the initial shoot count.
This calculation provided a quantification of the survival rate as a percentage at each respective

measurement time point.

3.2.6 Plant biochemical and elemental compositions
Plants tagged for growth were sampled for leaf sucrose, bulk free primary amino acid

(FAA) contents and total carbon, nitrogen, and sulfur (CNS) compositions. The second youngest
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leaf (L2) was collected, cleaned of all epiphytes by gentle scraping with a razor blade, rinsed in
deionized water and then oven dried at 60 °C for at least 48 hours. The dried leaves ground to a
powder in a mortar and pestle with liquid nitrogen. The powder was subsequently re-dried prior to
chemical analysis. Leaf sucrose and FAA contents were extracted from measured aliquots of the
dry powder using hot (80 °C) ethanol (Zimmerman et al. 1989). Leaf sucrose was determined
colorimetrically using a resorcinol-hydrochloric acid assay and standardized to sucrose (Huber and
Israel 1982). Leaf FAA were quantified fluorometrically after derivatization with o-
phthalaldehyde (OPA) 2-mercaptoethanol (OPA-2MCE) and standardized to glycine.

Elemental C, N and S of leaf sample were quantified following the combustion-reduction
method (Cutter and Radford-Knoery 1991) using an elemental analyzer (vario MICRO cube,

Elementar) standardized to sulfanilamide (CeHsN202S) as described in Chapter 2.

3.2.7 Statistical analysis

All statistical analyses were carried out using the IBM SPSS Statistics 26. The effects of
COq(aq) ON porewater nutrients and H2S were nonlinear; therefore, a two-way ANOVA was used
to assess the contrasting effects of CO2@q) and sediment enrichments at each sampling time point.
Where ANOVA results were significant, a post hoc test using Tukey HSD was used for multiple
comparisons. Significant changes in plant physical and physiological responses (within subjects)
were tested using a repeated measure ANCOVA implemented within the linear mixed model in
SPSS. The aquaria were designated as the repeated subject; time and sediment treatments (between
subjects) were considered fixed effects while log CO2@q) (i.e. pH) was assigned as the covariate.

Data lacking statistical differences amongst COz(q) and/or sediment effects were combined to
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increase the degrees of freedom. Any heteroscedastic data was log-transformed to avoid violating

the equality of variances assumption in ANOVA.

3.3 Results
3.3.1 Environmental parameter

Chapter 2 provided a detailed description of PAR levels, salinity, and water temperature.
Furthermore, data obtained from the Virginia Beach Aquarium highlighted a significant presence
of macronutrients (NHz*, NO2+NOs, and POy’ in the surface water of Owls Creek, as presented
in Chapter 2, Fig. 3. The distribution of nutrient concentrations was non-normal, as evident from
the box plot in Fig. 3D, with median values of 4.9 uM for NH4", 3.1 uM of NO2+NOsz", and 0.9
uM of PO4>. The nutrient dataset exhibited notable variability, although nutrient levels were
predominantly low. However, few occasional spikes were observed, particularly for NO2+NOz
and PO4> likely related to meteorological events. The highest record concentrations were 26 uM
for NH4*, 125 uM for NO,+NOs", and 31 M for PO4>. Sediment composition was mostly made
up of medium sand grains (70%) with a mixture of very find sand (13%) and coarse sand grains

(17%) (Fig. 20).

3.3.2 Effects of CO2(aq) and sediment enrichment on porewater chemistry

The addition of nutrients and organic carbon to the sediments had the anticipated effect of
elevating porewater NH4*, NOs", PO+*, and H,S concentrations (Fig. 21 and 22). In the nutrient
enriched sediments, porewater concentrations of NH4*, NOs™ and PO4* exhibited a rapid increase
during the initial 30 days of the experiment, followed by a subsequent decline, but the levels

remained notably higher than those observed on day 11, which marked the first porewater
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measurements. The highest concentrations measured for NHs*, NOs™ and PO4* were between 10
to 10,000 times higher than those observed in the Control or OC treatment. Interestingly, the
CO2@q) (or pH) treatments did not exert a significant impact on porewater NOs~ and PO4*
concentrations across any of the four sediment treatments (Table 6). Additionally, COxz(q)
enrichment showed no significant impact on porewater H»S concentrations. Consequently,
samples from all CO2(.q) treatments were combined, and the effects of OC additions on H.S levels
were assessed. The addition of OC to the sediment significantly increased porewater H,S levels to
over 600 M by day 10 of the experiment. Subsequently, the H>S concentrations gradually
declined, reaching 101 + 36 (SE) M by the end of the experiment, as illustrated in Fig. 22C. It is
important to note that the addition of inorganic nutrients (Osmocote®) appeared to prevent the
OC-stimulated production of H,S in the NPKOC treatment throughout the entire experiment (Fig.
22D). The mean H>S concentration of the NPKOC treatment was not different from the means of
the Control and NPK treatments, as depicted in Table 7. Porewater sulfide concentrations remained
low (5 — 25 uM) and relatively constant throughout the experiment in the Control, NPK and

NPKOC treatments.
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Fig. 20. Percentage distribution of sediment grain sizes from Elizabeth River, obtained at the
Sailing Center (Old Dominion University, Norfolk, Virginia). The values are representative of the
Wentworth size class.



Table 6. Two-way ANOVA results for the effects of log COzq) (pH levels = 6.1, 6.4, 6.9, 7.4, 7.7) and treatments on pore water NH4",
NO3’, and POs** concentrations from May to July 2014. Treatments correspond to the four sediment types: Control, NPK, OC, and
NPKOC.

NH,* (mM) NOz (mM) PO (uM)
SS  df MS F D SS  df MS F D SS df  MS F D
Day 11
Treatments 26685 3 8895 16542 <0.001 1511 3 5040 26.97 <0.001 297343 3 99114 29.60 <0.001
logCOxey 255 4 64 119 035 230 4 57 031 087 2689 4 672 020 0.94

Treatments x 562 12 47 0.87 0.59 823 11 75 0.40 0.93 15902 12 1325 0.40 0.95
log CO2aq)

Error 1022 19 54 2055 11 187 66965 20 3348

Day 26

Treatments 54805 3 18268 378.20 <0.001 91548 3 30516 69.57 <0.001 2732551 3 910850 18.34 <0.001
log CO2(aq) 487 4 122 2.52 0.07 3712 4 928 212 012 287024 4 71756 145 0.26

Treatments x 680 12 57 1.17 0.36 10244 12 854 195 0.09 1002318 12 83527 1.68 0.15
IOg COZ(aq)

Error 966 20 48 8334 19 439 093495 20 49675

Day 68

Treatments 34342 3 11447 159.18 <0.001 38335 3 12778 59.15 <0.001 3292336 3 1097445 3251 <0.001
log CO2ag) 2103 4 526 7.31 0.001 3043 4 761 279 0.04 107664 4 26916 0.80 0.54

Treatments x 3712 12 309 4.30 0.002 4398 12 367 1.70 0.14 364857 12 30405 090 0.56
|Og Coz(aq)

Error 1438 20 72 4321 20 216 675090 20 33755

/8
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Fig. 21. The porewater concentrations of NH4* (A), NOs™ (B), and PO,* (C) for each sediment
treatment: Control (red), NPK (orange), OC (yellow), NPKOC (green). Concentrations (z-axis)
were plotted as a function of pH (NBS scale) (x-axis) and time (y-axis). The plot includes three
time points: a solid line represents day 11, dash line represents day 26, and dotted line represents
day 68. Each data point represents the mean nutrient concentrations (n = 2) of each pH (or CO2(q))
treatment, with the error bars denoting the standard error (SE) for the measurements.
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Table 7. Two-way ANOVA results for the effects of log CO2@q) (pH levels = 6.1, 6.4, 6.9, 7.4,
7.7) and treatments (Control, NPK, OC, and NPKOC) on porewater H>S concentrations from May
to July 2014. Multiple comparisons of H>S concentrations amongst sediment treatments were
performed and grouped based on result of a Tukey HSD pos hoc analysis. An equal sign between
treatments indicated that the means did not differ as p-value was >0.05.

Pos Hoc Tukey HSD

SS df MS F p Homogeneous group
Day 11
Treatments 2144270 3 714757 29.05 <0.001  Control = NPK = NPKOC, p
=1,0C,p=1
log CO2(ag) 89160 4 22290 091 0.48
Treatments x 259608 12 21634 0.88 0.58
log CO2(ag)
Error 418338 17 24608
Day 26
Treatments 2291387 3 763796 16.78 <0.001  Control = NPK = NPKOC, p
=1,0C;p=1
log CO2(ag) 156608 4 39152 0.86 0.51
Treatments x 487212 12 40601 0.89 0.57
log CO2(ag)
Error 864859 19 45519
Day 68
Treatments 61909 3 20636 464 0.01 NPK= NPKOC = Control, p
=0.97; Control = OC, p=
0.057
log CO2(aq) 7507 4 1877 042 0.79
Treatments x 21817 12 1818 041 0.94
log CO2(aq)
Error 89051 20 4453
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Fig. 22. Porewater H>S concentrations measured in Control, NPK, OC, and NPKOC sediment
treatments from May to July 2014. Each data point represents the average H>S concentrations (n
= 10) calculated from all CO2(q) treatments combined (the effects of COz@q enrichment on
porewater H»S concentrations were not significant, see Table 7 for 2-way ANOVA summary). The

error bars represent the 95% confidence limit.
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3.3.3 Effects of COz2@q) and sediment enrichment on plant performances

Shoot numbers declined in all sediment treatments over time. Shoot numbers did not
respond to CO2(aq) enrichment (Table 8), therefore measurement across all COzq) treatments were
combined to evaluate the effects of sediment treatment types (Fig. 23A) and porewater chemistry
(Fig. 24) on survival. A two-way ANOVA was performed to determine if sediment treatments
(Control, OC, NPK, NPKOC) and COx(q enrichment (pH 6.1 to 7.7) had a significant effect on
shoot numbers at days 15 (initial), 32, 46, and 67 (end of experiment). Apart from day 15, sediment
treatments significantly reduced shoot numbers (Table 8). Furthermore, Tukey’s test for multiple
comparisons indicated that shoot numbers in OC treatments were significantly different from NPK
and NPKOC treatments, but not significantly different from the Control.

Eelgrass survival (shoot numbers normalized to starting shoot number transplanted) was
the highest in the Control treatment (Fig. 23A), though there was a 40% decline in shoot numbers,
likely due to the initial stress from transplantation. The impact of sediment manipulation on
survival was particularly pronounced in the NPK and NPKOC treatments, where between 80 and
90% of the shoots were dead after 30 days of exposure to elevated nutrients. By day 67, less than
10% of the initially planted shoots survived in these treatments. Compared to the nutrient enriched
sediments, more shoots survived (~40%) in the OC treatment suggesting that plants were more
tolerant to organic carbon-induced H»S production than nutrient loading (i.e. NH4" and NO3") even

though porewater H.S approached 1000 &M in the OC treatment (Fig. 23 and 24).
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Table 8. Two-Way ANOVA results for the effects log CO2(q) (pH levels = 6.1, 6.4, 6.9, 7.4, 7.7)
and treatments (Control, NPK, OC, and NPKOC) on log-transformed shoot numbers from May to
July 2014. Shoot numbers were log-transformed to remove heteroscedasticity. Multiple
comparisons were performed and grouped based on result of a Tukey HSD pos hoc analysis. An
equal sign between treatments indicated that the means did not differ as p-value was >0.05.

Post Hoc Tukey HSD

TypellISS df MS F p Homogeneous group
Day 15
Treatments 0.04 3 001 163 0.21 Control =NPK =0C =
NPKOC, p=0.19
log CO2(ag) 0.03 4 001 0.87 0.50
Treatments X log 0.12 12 0.01 1.22 0.34
CO2(aq)
Error 0.16 20 0.01
Day 32
Treatments 4.02 3 134 26.87 <0.001 Control=0C,p=0.25;
NPK = NPKOC, p =
0.95
log CO2a) 0.22 4 005 1.09 0.40
Treatments X log 1.06 11 0.10 1.94 0.12
CO2(aq)
Error 0.70 14 0.05
Day 46
Treatments 3.93 3 131 137.68 <0.001 Control # NPK #OC #
NPKOC,p=1
log CO2(aq) 0.16 4 004 426 0.02
Treatments X log 0.48 10 0.05 5.05 0.01
CO2a)
Error 0.11 12 0.01
Day 67
Treatments 2.81 3 094 3442 <0.001 Control=0C,p=
0.124; NPK = NPKOC,
p=0.10
log CO2(ag) 0.12 4 003 110 0.41
Treatments x log 0.66 8 0.08 3.03 0.05
CO2(aq)

Error 0.27 10 0.03
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Fig. 23. Percent survival (A) plotted as a function of time for the four sediment types: Control
(red), NPK (orange), OC (yellow), and NPKOC (green) from May to July 2014. In the Control
and OC treatments, percent survival exhibited a linear decrease from days 0-67, while in the NPK
and NPKOC treatments, they decreased linearly from days 0-47. Error bars denote 95% confidence
interval (CI) error (£ 2 SE). The slope values (% shoot survival per day) for Control, NPK, OC,
and NPKOC are -0.6, -2.0, -1.0, and -2.3, respectively. Panels B-E were photos of shoot survival
taken at the end of the experiment in July.
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Percent shoot survival decreased linearly in all treatments during the first 32 days, albeit
with significantly different slopes (Fig. 23). Survival was highest in the control treatment, followed
by the OC, NPK and NPKOC treatments. Since CO2@q) enrichment was not an important predictor
of shoot numbers, data from all COz@q) treatments were combined to compare the effects of
sediment treatments on the percent survival during the initial 32 days, where responses were linear.
The results indicated that both sediment treatments and time significantly impacted eelgrass
survival (Table 9). Specifically, percent survival in the NPK treatment did not significantly differ
from the NPKOC treatment, but both were significantly different from the Control and OC
treatments (Table 10). On the other hand, percent survival in the OC treatment was comparable to
the Control group such that by the end of the experiment, survival in these two sediment types

were statistically identical.

Table 9. Summary ANCOVA tables for Type Il tests of fixed effects (Time and Treatments)
using the mixed linear model routine performed in SPSS. Time represents days 0 to 32 where
responses were linear for all Treatments (Control, NPK, OC, NPKOC).

Dependent variable  Source Effectsdf Errordf F p
Survival Time 3 37.98 31.70 <0.001
(%) Treatments 2 71.09 214.23 <0.001

Time x Treatments 1 70.35 18.24 <0.001
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Table 10. Tukey’s test results comparing the mean percent survival (1) between treatments (J).
Mean difference (I-J) with asterisks represents significant difference between sediment treatment

types at the 0.05 level.

95% Confidence Interval

Treatments Treatments Mean Std. p Lower Upper
()] ) Difference Error Bound Bound
(1-9)

Tukey Control NPK 20.06" 2.96 <0.001 12.33 27.78
HSD ocC 4.71 296 039 -3.01 12.44
NPKOC 16.53" 3.08 <0.001 8.50 24.57

NPK Control -20.06" 296 <0.001 -27.78 -12.33

ocC -15.34" 2.98 <0.001 -23.14 -7.55

NPKOC  -3.52 310 067  -11.62 457

ocC Control -4.71 296 0.39 -12.44 3.01

NPK 15.34" 2.98 <0.001 7.55 23.14

NPKOC 11.82" 310 <0.001 3.72 19.92

NPKOC Control -16.53" 3.08 <0.001 -2457 -8.50

NPK 3.52 310 067  -457 11.62

ocC -11.82" 3.10 <0.001 -19.92 -3.72
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Fig. 24. Percent survival plotted as a function of log-nutrient concentrations and log H.S
concentration for days 11 (start of porewater sampling), 32, and 68 (end of porewater sampling).
Color symbols correspond to each sediment treatment: Control, NPK, OC, and NPKOC. CO2(yg)
enrichment did not impact eelgrass survival therefore all measurements across COz(q) treatments
were combined to evaluate the effects of porewater chemistry on percent survival at days 11, 26,

and 68.
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Shoot size, measured as total one-sided leaf area (cm?), decreased over time, and remained
unaffected by sediment treatments (Fig. 25, Table 11). The impact of COz(q) enrichment was only
evident in the Control and specifically at the final sampling time point on day 67 (Fig. 25A). Shoot
size response to increasing aqueous CO> concentrations (CO2(q)) Was linear, characterized by a
positive slope of 13.19 + 3.38 (n = 5, r> = 0.79, p = 0.02). At the conclusion of the experiment,
plants cultivated at 2121 uM CO2q) (pH 6.1) were 3 times bigger than plants in ambient COzq)
(55 uM COgaq) Or pH 7.7) tanks.

The results presented in Table 11 indicated that sediment treatments and CO2(q) Were not
significant predictors of growth rates. Initially, the absolute growth rates (AGR) of eelgrass in the
NPK, OC and NPKOC treatments exhibited acute responses to sediment treatments (Fig. 26B-D).
By day 15, AGR in these treatments decreased by nearly half compared to the Control (Fig. 26A).
Subsequently, AGR in all sediment treatments except NPKOC continued to decline. In contrast,
eelgrass in NPKOC treatment displayed consistent low growth responses throughout the
experiment, with no measurable changes (slope = 0, p = 0.905).

Changes in the AGR of plants enriched with NPK (Fig. 26B) mirrored those enriched with
OC (Fig. 26C), both yielding slopes of -0.01. However, the specific growth rates (SGR, normalized
to shoot size) were not affected by sediment treatment (Fig. 27B-D). Statistically, there were no
significant differences in the SGR among the NPK, OC, or NPKOC treatments over time. The
combined average SGR for these treatments was 2.14% d! (+ 0.13 SE). The effect of time on SGR
was only observed in the Control group, where SGR declined from 3.02% per day (+ 0.35 SE)

initially to 2.19% per day (x 0.57 SE), as illustrated in Fig. 27A.
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Table 11. Summary ANCOVA tables for the Type Il tests of fixed effects using a 2-factor (Time
and Treatment) Linear Mixed-Effects Model in SPSS with log CO2@q) (pH levels = 6.1, 6.4, 6.9,
7.4,7.7) as a covariate. Shoot size was log-transformed then tested for the significance of sediment

and COz(q) treatment effects. DW: dry weight.

Dependent variable Source Effectsdf Errordf F p

Shoot Size Time 3 83.42 53.45 <0.001

(cm?) Treatment 3 26.41  0.98 0.42
log CO2(ag) 1 28.57 1.73 0.20
log COz(ag) X 3 26.98 2.81 0.06
Treatments

Absolute growth rate Time 3 65.23 6.59 <0.001

(cm? dt) Treatment 3 25.06  0.38 0.77
log CO2(aq) 1 31.34 0.13 0.73
log CO2(aq) X 9 25.54 1.38 0.27
Treatments

Specific growth rate Time 3 67.17 3.96 0.01

(cm? dY) Treatment 3 26.30  0.98 0.42
log CO2(ag) 1 32.71 0.88 0.36
log CO2(aq) X 3 26.77 1.34 0.28
Treatments

Sucrose Time 3 55.39 0.75 0.53

(umol g* DW) Treatment 2 23.42  0.17 0.84
log CO2(aq) 1 23.35 22.39 <0.001
log CO2(aq) X 2 22.94 0.21 0.81
Treatments

FAA Time 3 53.90 1.48 0.23

(umol g™* DW) Treatment 2 20.52 558 0.01
log CO2(ag) 1 20.48 22.88 <0.001
log CO2(aq) X 2 19.90 3.28 0.06
Treatments

Total C Time 4 54.27 1.03 0.40

(umol g DW) Treatment 3 16.99  0.45 0.72
log CO2(ag) 2 36.52 0.85 0.36
log CO2(aq) X 3 16.96 0.46 0.71

Treatments




Table 11. Summary ANCOVA tables continued.

Dependent variable Source Effectsdf Errordf F p

Total N Time 4 82.08 33.34 <0.001

(umol gt DW) Treatment 3 42 .59 3.52 0.02
log CO2a) 1 65.28 80.09 <0.001
log CO2aq) X 3 42.47 2.86 0.05
Treatments

Total S Time 4 90.92 7.39 <0.001

(umol g™* DW) Treatment 3 4183  0.63 0.60
log CO2(ag) 1 87.16 3.07 0.08
log CO2aq) X 3 42.31 0.48 0.70
Treatments

C:N Time 4 83.80 24.66 <0.001

(mole:mole) Treatment 3 45.09 1.70 0.18
log CO2(ag) 1 67.43 60.46 <0.001
log CO2aq) X 3 44 .95 1.65 0.19
Treatments

N:S Time 4 93.92 14.50 <0.001

(mole:mole) Treatment 3 50.80 2.13 0.11
log CO2(ag) 1 91.55 16.87 <0.001
log CO2aq) X 3 51.29 1.48 0.23

Treatments

99
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Fig. 25. Shoot size (cm?) of Zostera marina L. plotted as a function of time (in experimental days)
for (A) Control, (B) NPK, (C) OC, (D) NPKOC sediment treatments. Each data point represents
the mean shoot size obtained from the 5-pH (or CO2q)) treatments. The solid black symbols were
determined to be statistically identical irrespective of COgzaq enrichment. Colored symbols
indicate statistical differences amongst pH (or CO2(q) treatments based on ANCOVA test. The
error bars represent 95% confidence limit.
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Fig. 26. Absolute growth rates (cm? d) of Zostera marina L. in Control (A), NPK (B), OC (C),
and NPKOC (D) treatments plotted against time. CO2q) effects were not significant (p = 0.7, see
Table 11), therefore all measurements were combined for each CO2(q) treatments and evaluated
for sediment treatment effects. The error bars represent the 95% confidence limit (+ 2 SE). The
lines present linear regression fitted to all observed data. The shaded colors represent the 95%
confidence interval on the regression line for those with p-values <0.05.
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(C), and NPKOC (D) treatments plotted against time. CO2(,q) effects were not significant (p = 0.4,
see Table 11), therefore all measurements were combined for each CO2(q) treatments and evaluated
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lines present linear regression fitted to all observed data. The shaded colors represent the 95%

confidence interval on the regression line for those with p-values <0.05.
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3.3.4 Effects of COz2@q) and sediment enrichment on plant sucrose and free amino acids

Leaf sucrose content responded to CO2(aq) enrichment but not to sediment treatments (Fig.
28, Table 11). Elevated aqueous CO» concentrations led to increased leaf sucrose content after just
two weeks of continuous CO2q) enrichment. After a month of exposure, plants in high CO2g)
conditions (2121 uM COz@q), pH 6.1) contained twice the sucrose content in leaves than those in
ambient CO(q) conditions. This increase in sucrose accounted for up to 26% of the total leaf C.

The results in Table 11 revealed significant effects of nutrient and organic carbon additions
on leaf free amino acids (FAA) concentrations (umol FAA g! DW). Aqueous CO; enrichment
effects were only observed in the Control and NPK treatment, albeit not consistently across all
time points. Enrichment resulted in decreasing FAA concentrations in leaf tissues, as indicated by
the negative slopes (Fig. 29). The effect was greatest with NPK additions, where a 40-fold increase
in CO2q) concentrations led to a substantial 3-to 5-fold reduction in leaf FAA content, in contrast
to a less than 1-fold decrease measured in the Control.

Relative to the total nitrogen (N) pool, leaves from plants in high CO2q) (pH 6.1) condition
contained at most 10 zmol FAA g dry weight. In contrast, leaves from ambient COz(aq) (pH 7.7)
conditions contained approximately 2-6% higher FAA levels, depending on the sediment
treatments. Additionally, the combined effects of high CO2q) and sediment manipulations were
most pronounced with NPK addition, resulting in leaf FAA concentrations to fall below detection
limit, especially under the highest CO2(q) condition of pH 6.1 (Fig. 29B).

The combined effects of CO2@q) and NPKOC treatment on leaf FAA and sucrose contents
could not be determined, as insufficient tissue samples were available beyond day 30.

Consequently, this treatment was excluded from the statistical analysis.
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Fig. 28. Heat map of leaf sucrose concentrations plotted as a function of pH and corresponding
CO2(aq) concentrations (left axis) across time for all (except NPKOC) sediment treatments
combined (Control, NPK, OC were not significantly different, Table 11). Insufficient tissue
samples were available beyond day 30 in the NPKOC treatment, resulting in its exclusion from
the statistical analysis. The right axis represents the slope (white circles) derived from the linear
regression analysis for sucrose vs. log CO2@q) concentrations. The time points with statistically
significant slopes are marked with an asterisk. The error bar represents + 1 SE.
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Fig. 29. Heat maps of leaf FAA concentrations plotted as a function of pH with the corresponding
aqueous CO; concentrations (left axis) across time for Control (A), NPK (B), OC (C), and NPKOC
(D) sediment treatments. The right vertical axis represents the slope (white circles) derived from
the linear regression analysis for FAA vs. log CO2@g). The time points with statistically significant
slopes are marked with an asterisk symbol. To the left of the color bar legend is the bulk
concentrations of leaf FAA (umol g dry weight); to the right of the color bar is the FAA content
normalized to the total leaf N pool (expressed as %). The error bar represents + 1 SE.
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3.3.5 Effects of COz2@q) and sediment enrichment on plant elemental compositions

The biomass-specific leaf N content in the NPK, OC, and Control treatments decreased
with COz@q) enrichment (Fig. 30). Factors such as time, sediment types, and CO2q) concentrations
were significant predictors of leaf N content and collectively contributed to the observed decline
(Table 11). Sediment fertilized with nutrients (NPK) increased leaf N content, but only for eelgrass
under ambient COxq) conditions (pH 7.7). Eelgrass exposed to the highest CO2(q) concentration
(pH 6.1) showed no response to nutrient addition. Interestingly, eelgrass in the NPK treatment
exhibited a stronger response to pH (or CO2@ng) treatment than Control plants, containing
approximately 4% less N in leaf tissues under the same pH 6.1 condition. While there was some
indication of an interactive effect between COz@q) and nutrient enrichments on leaf N content, this
effect remained marginal at best (ANCOVA, p = 0.048).

The biomass-specific leaf C (Fig. 31) and S contents (Fig. 32) were neither influenced by
CO2(q) enrichment nor sediment treatments (Table 11) at any point during the experiment. The
leaf tissue contained on average 29.5 (+ 0.1) mmol C g* DW. Exposure time was a significant
factor influencing leaf S content. Total S content declined by 50% between day 15 and day 67,
ending below 100 zmol gt DW (Fig. 32). Despite the stimulation of HzS production from organic
carbon addition, TS in OC treatment was not significantly different from other sediment treatment,
and was statistically identical to the Control.

Initial analysis of tissue elemental content revealed that eelgrass leaves contained molar
C:N and N:S ratios of 24.8 and 8.1, respectively, prior to the start of the enrichment experiment.
Both the C:N and N:S ratios showed correlations with CO2q) levels but not to sediment treatments
(Table 11, Fig. 33). The effects of CO2(q) on N:S ratio was statistically significant, despite CO2(ag)

not affecting TS in leaves. This indicates that changes in the N:S ratio was due to shifts in TN,
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influenced by COz(g) levels. The duration of CO2q) enrichment exposure notably altered the C:N
and N:S ratios over time. The most pronounced COz@q) effect on these elemental ratios occurred
after 30 days of continuous enrichment, causing a 50% increase in C:N ratio and a >25% decrease
in N:S ratio.

Due to early high mortality rates in the NPKOC treatment, insufficient samples were
available to statistically assess the effects of sediment treatment and CO2(q) enrichment on plant

biochemical composition.
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Fig. 30. Heat maps of total nitrogen (TN) content per unit dry weight of leaf plotted as a function
of pH and corresponding CO2(q) concentrations (left axis) across time for Control (A), NPK (B),
OC (C) and NPKOC (D) sediment treatments. The left vertical axis represents the slope (white
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Fig. 31. Heat map of total carbon (TC) (mmol g DW of leaf) plotted as a function of pH and
corresponding CO2(aq) concentrations (left axis) across time for all sediment treatments combined
(Control, NPK, OC and NPKOC were not significantly different, Table 11). The right axis
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Fig. 32. Heat map of total sulfur (TS) (mmol g* DW of leaf) plotted as a function of pH and
corresponding CO2(aq) concentrations (left axis) across time for all sediment treatments combined
(Control, NPK, OC and NPKOC were not significantly different, Table 11). The right axis
represents the slope (white circles) derived from the linear regression analysis for TC vs. log
CO2(q)- No significant effect of CO2@q) on TS was observed. TS varied with time (p<0.001). The
error bar represents + 1 SE.
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3.4 Discussion

Nutrient and organic carbon enrichment had a detrimental impact on the survival of Z.
marina by increasing inorganic N and H.S to toxic levels. The rapid decrease in survival, growth
rates, and shoot sizes were mainly acute in nature and seemed to be unrelated to the overall carbon
balance. Despite stimulation of H>S production from organic carbon addition, survival in the OC
treatment was not significantly different from the Control, which appears to counter to published
reports about sulfide toxicity in eelgrass (Holmer and Bondgaard 2001; Holmer et al. 2005).
Eelgrass survival was most affected by the addition of Osmocote®, which increased NH4" and
NOs" concentrations in both NPK and NPKOC treatments, reaching levels that were clearly
detrimental to eelgrass. This resulted in nearly complete mortality within 60 days of the study.
Contrary to the initial hypothesis of this study, the expected enhancement in eelgrass tolerance to
sediment eutrophication through CO2(gq) enrichment was not observed within the timeframe of the
experiment. It is plausible that utilizing pre-conditioned eelgrass at the targeted CO2(q) levels could
yield different results. Given that the synthesis of inorganic N into amino acids requires carbon
skeleton, it is possible that eelgrass, especially those in high CO2@aq) environments, may possess
sufficient internal carbon reserves to meet the metabolic demand associated with N assimilation.
Further investigation is need to assess the role of carbon-limitation in mitigating the N toxicity

effect.

3.4.1 Responses to COz(aq) enrichment
Significant effects of COz(q) enrichment on amino acids and total N in leaves exhibited
variability with sediment treatments but were consistently observed in the Control. Sediment

treatments were found to be unrelated to the pattern of sucrose accumulation in leaves, suggesting



113

the absence of impact on leaf photosynthesis. COz@q) enrichment resulted in sucrose production
levels comparable to those reported in Chapter 2. The lack of clear and consistent COzq) effects
in the NPK, OC and NPKOC treatments likely stemmed from the overwhelming toxicity to
eelgrass survival caused by high concentrations of DIN in the form of NH4* and NOs", as well as
elevated H>S concentrations. These factors imposed limitations on the interpretations of the
findings. In contrast to Chapter 2, the lack of CO»-stimulated growth rates in this study could also
be attributed to the relatively short duration of the experiment, possibly insufficient to capture the
initial stages of the CO»-stimulated growth, a process that may take six weeks or more to manifest
(Zimmerman et al. 2017; Zimmerman 2021). As mentioned earlier, utilizing pre-conditioned
eelgrass at the intended CO2q) levels might have resulted in different outcomes and enabled a
more accurate assessment of the potential advantages of CO> for eelgrass survival under eutrophic
sediment conditions.

Given those caveats mentioned above, this experiment provided no compelling evidence
of an interactive effect between COz(q) and sediment treatments on plant survival, morphology, or
tissue biochemistry. The only significant interactions between CO2(q enrichment and sediment
treatment were observed in porewater NH.* concentrations, specifically in the NPK treatment, and
only at the final sampling time point. The combined effects of COz@q enrichment and NPK
addition had a substantial impact on porewater NH4" levels, leading to a reduction exceeding 50
mM between ambient (pH 7.7) and high CO2@q) (pH 6.1) treatments. Such a significant reduction
of this magnitude could not have resulted from plant uptake, as less than 10% of the initially
transplanted shoot survived. The depletion of NH4* from the sediment may have resulted from
diffusive loss from sediment to the overlying water but it is more likely linked to microbial

processes. Although this study did not assess the microbial communities in the sediment, microbial
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mediated N transformation can become accelerated under ocean acidification (Berlinghof et al.
2023). Their undeniable role in altering the sediment biogeochemistry within the seagrass habitats

necessitates attention and further investigation in future studies.

3.4.2 Sensitivity to porewater DIN

Eelgrass exhibited a strong response to sediment N-enrichment, with growth and survival
being negatively affected by high NHs" and NO3™ concentrations. Acute toxicity and shoot death
were not immediate, rather these effects occurred after 30 days, and at significantly higher
concentrations than previously reported (Burkholder et al. 1994; Santamaria et al. 1994; van
Katwijk et al. 1997; Burkholder et al. 2007; Govers et al. 2014). The delayed toxicity effect may
be attributed, at least in part, to the sediment properties, specifically mineral types, and grain sizes.
Certain sediments, such as clay and sand, possess negatively charged mineral surface under typical
marine conditions (Burdige 2006) influencing the mobility of NH4"™ by selectively adsorbing this
cation from solution (Abdulgawad et al. 2009; Alshameri et al. 2018). This selective adsorption
can regulate NH.* availability for plant uptake (Erftemeijer and Middelburg 1993; Lavery et al.
2001). In a particular study, sediment types were identified as important predictor of seagrass
resilience, with the NH4" toxicity threshold notably higher at muddy than sandy sites (Li et al.
2019). This was attributed to a negative correlation between porewater NH4* concentrations mud
content (Douglas et al. 2016). Though sediments utilized in this study was composed mainly of
sand, the negative net charge of these mineral surfaces could still influence NH4* adsorption and
availability for plant uptake.

Z. marina was exposed to porewater NH4" concentrations at least 10 times the reported

threshold known to exert metabolic stress. While shoot decline has been linked to NO3
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(Burkholder et al. 1992), the adverse effects were more likely associated with NH4* toxicity. Plants
can generally store NOs™ in cells to some extent, but intracellular accumulation of NH4* can
damage in root cells and cell wall structures (Li et al. 2013). Many of the shoots in the nutrient
enriched treatments in this study exhibited growth suppression and necrosis at the meristematic
base of the shoot, symptoms commonly associated with NH4* poisoning reported in the literature
(Dennison et al. 1987; Santamaria et al. 1994; Britto and Kronzucker 2002). In contrast to leaf
necrosis reported by van Katwijk et al. (1997) and van der Heide et al. (2008b), Z. marina in this
study sustained severe damage at the rhizome-meristem junction and no visible signs of
degradation in the leaves. In some dying plants, the meristem was severely disintegrated that the
above ground shoot became detached from the belowground structure. Such magnitude of impact
has not been previously documented in Z. marina, but it should be noted that the DIN
concentrations in this study was several orders of magnitude higher than past research. Shoot
death, in this case occurred from the bottom up. This is an important observation to make because
in many past researches on seagrass and eutrophication, the health estimate has predominantly
been gauged from the physiological changes in the above ground shoot components and little
attention to the roots and rhizome. Whole shoot assessment may be a cumbersome and quite
destructive to plants but necessary step to make when evaluating plant responses to eutrophication.

In the detached shoots, most of the leaves were visibly green, and showed little evidence
of blackened or necrotic spots. Even when exposed to NH4* levels 10 to 100 times the
concentrations known to cause die-off (Santamaria et al. 1994; van Katwijk et al. 1997; Govers et
al. 2014), COqg)-enriched eelgrasses consistently maintained a positive carbon balance based on
high sucrose accumulation in leaves (as shown in Fig. 28). The leaves exhibited a 2-fold increase

in leaf sucrose content compared to CO2(g)-unenriched leaves throughout the entire experiment,
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indicating that sediment treatment did not adversely affect leaf photosynthesis. Although CO2(ag)
treatments had a positive impact on photosynthesis and sugar accumulation, eelgrass mortality still
occurred. This suggests that mechanisms other than carbon deprivation may be the primary cause
of toxicity-related shoot death. Previous studies on various aquatic and terrestrial plants have
proposed that extreme carbon limitation could contribute to toxicity syndromes. The ‘carbon drain’
hypothesis, suggested by Burkholder et al. (1992) and Touchette (1999), was based on the
reduction in tissue carbohydrates (i.e. sucrose) contents of Z. marina under high N-NOz
enrichment, leading to observed necrosis and shoot death. Severe photosynthetic CO2(q) limitation
has been identified as a direct contributor to shoot mortality (Kaldy et al. 2022). Detoxification of
inorganic N into amino acids requires carbon skeletons (e.g. a-ketoglutarate from Krebs Cycle)
and intermediate compounds (e.g. pyruvate from Glycolysis) derived from the breakdown of
carbohydrates in central metabolic pathways. However, contrary to those findings, the results of
this experiment showed that sucrose accumulated in leaves, demonstrating positive C balance and
no internal C limitation. Changes in sucrose, total C contents, or the C:N ratio were independent
of nutrient enrichment, responding mainly to CO2@q) levels. Consequently, the results obtained
here cannot be explained by toxicity-induced C limitation.

A plausible scenario supporting the study’s outcome, while aligning with existing
literature, is as follows: High external NH4" concentrations can lead to rapid NH4* accumulation
in the cytosol, reaching injurious levels to the roots and rhizomes. This damage inhibits the
translocation of carbon resources from sucrose-abundant leaves to the roots, requiring N
assimilation to rely on C stored in roots & rhizomes to detoxify NH4* into amino acids. This finite
C pool quickly becomes depleted limiting the assimilation process. The resulting negative

feedback on N metabolism may lead to increasing accumulations of unassimilated NH4", causing
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toxicity and cell damage. Whether C deprivation is the key factor in NH4* toxicity-induced death
remains to be challenged as uncertainties persist regarding the actual mechanism linking N toxicity
to eelgrass survival, and the scenario described here requires further investigation. Addressing this
question necessitates that we deepen our understanding of the mechanisms regulating both C and

N assimilations in these aquatic vascular plants.

3.4.3 The effects of HS toxicity

Although the OC sediment treatment dramatically stimulated H.S production, toxicity
from H.S was not evident, even though porewater H>S concentrations were within the range
reported capable of eliciting die-off events (Lamers et al. 2013). Further, the addition of organic C
to the sediment did not significantly influence eelgrass survival relative to the Control, even though
H>S concentrations in the OC treatment were 5 to 100 times higher than in the Control. In this
study, H>S concentrations had no impact on the biochemical compositions and the elemental CNS
of Z. marina, demonstrating that H»S was not as detrimental to growth and survival as N.

Evidence of H»S intrusion was not observed, though it could not be completely ruled out
as the total S content in the roots and rhizomes was not measured. Numerous studies have
demonstrated variable responses of H2S-driven changes to the total S contents of the above- and
belowground components (Holmer et al. 2005; Frederiksen et al. 2008; Garcia et al. 2013; Hasler-
Sheetal and Holmer 2015). Depending on the plant’s re-oxidation capacity, intruded H.S can be
re-oxidized in the aerenchyma, preventing its upward movement into the leaves. In past study, H2S
accumulations were observed to be greatest in the belowground roots and rhizomes, with little to

no impact on the leaves (Frederiksen et al. 2006).
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The low porewater H>S concentrations at Day 66 may have also contributed to eelgrass
survival and could explain why Z. marina appeared more tolerant to organic carbon loading than
nutrient enrichment, which did not decline during the experiment. The rapid decline in H.S
concentrations may result from a combination of diffusive loss from sediment into the overlying
water and the removal of HS by reactive iron (Fe) oxides in sediments (Canfield 1989; Zhu et al.
2012). However, the diffusive flux would have also removed dissolved nutrients from the
sediment, and that was not observed here. The formation of metastable iron monosulfide (FeS)
precipitates under anaerobic conditions can occur on a timescale of seconds and is crucial in
controlling porewater H,S bioavailability and maintaining the stability of porewater alkalinity in
marine sediments (Canfield and Berner 1987; Jargensen et al. 2019). Although Fe content was not
measured in this study, some Fe was likely present, as both Fe and FeS are ubiquitous in sediments
along the entire axis of the Chesapeake Bay (Young 1968; Zimmerman and Canuel 2000). In
addition, the presence of NO3z™ may also interfere with H.S production by replacing sulfate with
nitrate as the electron acceptor for sulfate reducing bacteria (SRB) during the oxidation of organic
matter (Marietou 2016). Therefore, nitrate respiring SRB provides an alternative explanation for
low H2S concentrations in treatments with NO3™ present (NPKOC).

This study highlights that while elevated atmospheric CO, benefits seagrass carbon
balance, the positive effects can be constrained by eutrophication stress applied to below-ground
structures such as roots and rhizomes. In the presence of nutrients and organic carbon, the benefits
of COx(q) appeared limited, and eelgrass succumbed to toxic NH4* levels, emphasizing sediment
chemistry as crucial factor in predicting seagrass survival from multiple stressors. The uncoupling
of responses between above- and belowground structures suggest disruptions in translocation

processes, potentially impacting crucial resource acquisition and allocation. This study
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demonstrated the need for further examination of seagrass responses to multi-stressors, particularly

in the context of climate change.
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CHAPTER 4

MODELING THE EFFECTS OF CO2 AND LAI ON NITROGEN UPTAKE PATTERN

IN ZOSTERA MARINA L. (EELGRASS)

4.1 Introduction

Seagrasses are some of the most productive primary producers in coastal marine system
producing as much as 2000 g dry wt. m2 y* (Jacobs 1979; Roman and Able 1988) or on average
400 g C m?2y! (Aioi et al. 1981; Duarte and Chiscano 1999). The net productivity of these marine
angiosperms is predicted to rise (Zimmerman et al. 1997; Zimmerman et al. 2017) with ocean
acidification (IPCC 2013). However, seagrass productivity will benefit from greater CO:
abundance only if there are sufficient concentrations of dissolved inorganic nutrients to support
the increased growth. Higher productivity means higher nutrient demand (Stitt and Krapp 1999),
which means that seagrasses will need to take up more nutrients through the leaves and the roots
to support COz-stimulated growth. In environments where nutrients are highly transient or scarce
the increased growth demand may induce greater N stress on these marine plants and potentially

exhaust the inorganic nitrogen supply and limit growth.

In photosynthetic organisms, carbon (C) and nitrogen (N) metabolisms are interdependent
(Turpin et al. 1991; Huppe and Turpin 1994; Kraemer and Alberte 1995; Matt et al. 2001) and the
responses to elevated CO. depend on whether the N supply could meet the growth demand.
Chapter 2 showed that aqueous CO> concentrations were positively correlated with the daily N
demand of Zostera marina L. (eelgrass) but negatively correlated with the leaf N content during

peak growth, as total carbon as sugar increased by almost 20% under elevated CO> conditions.
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This raises the question of whether the observed decline in N content resulted from CO> stimulated
N demand driving eelgrass to N limitation or simply a dilution effect from increased leaf C content.
Other CO; studies have reported similar shift in tissue N content in Thalassia testudinum. (Jiang
et al. 2010; Campbell and Fourqurean 2013), Cymodocea nodosa (Apostolaki et al. 2014; Mishra
et al. 2021), and Zostera noltii (Alexandre et al. 2012). Apart from Campbell and Fourqurean
(2013), it was suggested that the decline in N content was related to N limitation.

Significant progress has been achieved in the past few decades in understanding the
complex interactions between CO> and seagrass through various field studies (Hall-Spencer et al.
2008; Campbell and Fourqurean 2013), mesocosms (Palacios and Zimmerman 2007; Celebi 2016;
Zimmerman et al. 2017) and laboratory experiments (Zimmerman et al. 1997; Jiang et al. 2010;
McPherson et al. 2015) and numerical models. However, our understanding of the CO»-seagrass
interactions remains incomplete and sometimes contradictory. The negative relationship observed
between CO. and N content in various seagrass species is still a subject of debate, and conflicting
explanations exist. Terrestrial CO2-plant interactions have been used as a reference (Williams et
al. 1988; Stitt and Krapp 1999; Schlesinger 2006), but caution must be made when drawing
conclusions based on land plants even if the physiological effects of CO; are similar. The reported
N deficiency in CO2 enriched land plants is primarily linked to reduced N uptake resulting from
improved water use efficiency and changes in stomatal conductance (Ainsworth and Rogers 2007).
However, water use efficiency and stomatal conductance are not relevant to seagrasses. Unlike
terrestrial plants, seagrasses have the ability to acquire nutrients through both their leaves as well
as roots (Thursby and Harlin 1982; Short and McRoy 1984; Pedersen and Borum 1992), and in
approximately equal proportions (lizumi and Hattori 1982; Zimmerman et al. 1987). This increases

the potential nutrient resource on which the seagrasses can rely relative to terrestrial plants. Yet,
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N-limitation has been invoked to explain low N content in CO2-enriched seagrass (Alexandre et
al. 2012; Apostolaki et al. 2014; Mishra et al. 2021).

To close some of these knowledge gaps, Zimmerman et al. (1987) conducted a modeling
study that aimed to investigate the partitioning of DIN uptake between leaves and roots of Z.
marina (eelgrass) under varying light and nutrient conditions. That model demonstrated the
significance of light levels as predictors of NOs™ uptake in leaves and NH4" uptake in roots, as N
assimilation relies on photosynthetic and respiratory carbon metabolism to provide reducing
energy, photoassimilates and carbon skeletons necessary for synthesizing inorganic N into amino
acids (Foyer and Noctor 2002). Notably, in high light environment, the model predicted a slight
shift in the nutrient uptake dynamics, with roots playing an increasingly important role in
absorbing NH4" from the sediment. This led to the roots increasing their contributions to the overall
N uptake, transitioning from roughly equal contributions between leaves and roots to
approximately 60%. As with light, high CO> conditions should also positively affect leaf and root
N uptake activities since elevated CO> is known to stimulate photosynthesis and promote the
production of fixed carbon (Invers et al. 2002; Palacios and Zimmerman 2007; Zimmerman et al.

2017).

The effects of CO2 on N uptake can be further complicated by changes in the canopy
architecture caused by increased aboveground biomass due to CO; stimulated growth. Laboratory
measurements (Enriquez et al. 2002) and bio-optical models (Zimmerman 2003; Hedley and
Enriquez 2010) have demonstrated that the light environment within seagrass canopy is
heterogenous, influenced by canopy structures, and strongly dependent on leaf area index (LAI)
(Hedley et al. 2014). Leaf area index serves as an important indicator of photosynthetic capacity

of seagrass and is strongly correlated to shoot density and aboveground biomass (Szajnowski 1973;
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Lebrasse et al. 2022). In a dense seagrass canopy with high LAI, intense self-shading can
significantly reduce light level (Dalla Via et al. 1998; Enriquez and Pantoja-Reyes 2005), and lead
to a decrease in canopy-scale photosynthesis (Enriquez et al. 2002). Consequently, in order to
provide a mechanistic understanding of how photosynthesis influences N uptake in seagrass, it is

crucial to incorporate both CO- levels and the structural characteristics of the canopy.

This study utilized a modeling approach to explore the dynamics of CO, and N in seagrass.
By integrating the nutrient uptake model previously developed by Zimmerman et al. (1987) with
GrassLight (version 2.14, Zimmerman et al. 2015), a two-flow radiative transfer bio-optical model
for submerged aquatic plants, the effects of CO, and CO2-driven photosynthesis on N requirements
for growth were explored. Specifically, this study examined how CO.-stimulated photosynthesis
influences N uptake patterns by leaves and roots over varying aqueous COz (COag)
concentrations. The objective was to identify conditions where CO.-stimulated photosynthesis
increases N demand to the point of becoming growth-limiting and to evaluate the likelihood of

eelgrass experiencing N-limitation in the future oceanic conditions.

4.2 Materials and methods
4.2.1 The model overview

The N-growth model is conceptualized using the energy symbol of Odum (1983) (Fig. 34)
that illustrates the different components, or state variables, under investigation and their
interactions. The specific details describing the mathematical formulations along with the model
parameters are detailed below. The Z. marina shoot, depicted as a large bullet-shaped symbol
(yellow/green), is subdivided into the aboveground leaf and belowground root and rhizome

(labeled A and B). Key model components are represented by a storage tank symbol, which
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fluctuate during the simulation based on the dissolved inorganic nitrogen (DIN) concentrations,
CO2(aq), and light field within the canopy determined by the leaf area index (LAI). CO2-stimulated
photosynthesis, in addition to light and the dissolved inorganic nitrogen (DIN) concentrations are
assumed to be the major drivers of N uptake by leaves and roots here.

Circular symbols represent the non-depletable resources that are in constant supply.
Dissolved inorganic N and CO2(q) concentrations are considered non-depletable resources in this
study, while in-water light is considered as a pool (storage tank) and varies with LAI. Porewater
NH4" is also categorized as non-depleting, operating under the assumption that all biomass losses
are remineralized in the sediment, thus regenerating NH4".

The internal carbon and oxygen pools are positively influenced by COgzaq), and the
magnitude of this influence is determined by LAI. This is because photosynthesis, which drives
the accumulation of carbon and oxygen, is directly affected by CO.q) concentration, and indirectly
affected by LAI through self-shading effects of the plant canopy. While the explicit modeling of
the effects CO2(q) and LAI on metabolic C balance was not conducted in this study, both of these
parameters are embedded into GrassLight, and the results do reflect the influence of C on N
metabolism.

The oxygen content in the leaves, roots, and rhizomes undergo diurnal fluctuations as a
result of photosynthesis, which is driven by CO2@q) and LAI. About 10% of the photosynthetically
produced Oz pool is transported downward from the leaves to roots and rhizomes where it
facilitates aerobic root metabolism, a process crucial to nutrient uptake (Morris and John 1984;
Bassirirad 2000; Borum et al. 2006; Bodensteiner 2006). Consequently, aerobic respiration of
below-ground roots and rhizomes depends on leaf photosynthesis and its specific formulation is

further elaborated in Sections 4.2.2 and 4.2.3.
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Fig. 34. Conceptual diagram illustrating the interactive effects of CO2(q), light, and nutrient (NO3
, NH4") availability on nitrogen (N) uptake in Zostera marina L. The symbols used in the diagram
are based on the energy symbols of (Odum 1983). The diagram also illustrates how leaf area index
(LALI) affects the light available within the canopy for photosynthesis. The arrows represent the
flow of energy and substrates, with black arrows indicating positive influences, and red arrows
indicating negative influences. Interactions between compartments are represented by grey “work-
gate” symbols (block chevrons). The +/- symbols within the work-gates indicate positive or
negative interactions. Although the carbon and organic matter pools (represented as grey storage
tank symbols) are not explicitly defined in the model, they are included in the diagram due to their
important roles in influencing the nitrogen flow. Exploring the dynamics of these components
presents a valuable direction for future research.



126

Leaves are responsible for the uptake of NO3™ and/or NH4* from the water column, whereas
roots only take up NH4" from the sediment in the model. Porewater NO3™ was not considered in
the model based on the assumption that anaerobic N remineralization generates NH4*, not NO3™ in
the porewater (Kelso et al. 1997; Behrendt et al. 2013). The uptake of NH4* from the sediment by
roots depends on aerobic respiratory carbon metabolism, which requires oxygen to facilitate the
process. Consequently, the root uptake of NH4" is modeled as a photosynthesis dependent process.

Leaf uptake of NOz™ from the water column is also modeled as a photosynthesis dependent
process because the assimilation of NO3™ requires reducing power, such as NADP and ferredoxin
that are generated during photosynthetic electron transport process (Sanz-Luque et al. 2015).
However, it is not expected that photosynthesis influences the leaf uptake of NH4" in this model
based on previous results that demonstrate a lack of diurnal variation in the uptake rates for NH4*
in Zostera spp. (lizumi and Hattori 1982; Alexandre et al. 2016).

The rate of N uptake by leaves and roots is dependent on the size of the internal nitrogen
quota (@), which is constrained by the upper and lower limit of tissue N content. The size of Q has
a direct impact on N uptake rates, and the balance between uptake (input), @ (pool), and demand
(output) determines the growth of Z. marina (Droop 1973). Growth is assumed to occur provided
that Q exceeds the minimum nitrogen quota. The specific mathematical formulation that describes
the relationship of Q on N uptake rate is discussed in detail in sections 4.2.4 through 4.2.6 below.
Additionally, the rate of NOs uptake by leaves and NH4* by roots is subjected to feedback
inhibition based on the concentration of NH.* in the water column because NOz™ assimilation is
competitively inhibited by NH4* (Mller and Janiesch 1993). Similarly, there is evidence that NH4*

uptake by roots is inhibited by NH4" uptake by leaves (Thursby and Harlin 1982). The inhibitory
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effect of NH4" saturation on NOz'and NH.* uptake is mathematical expressed in Eq. (18) in section
4.2.5 of the study.

The daily remineralization rate of sedimentary organic matter needed to satisfy the growth
demand of eelgrass is not explicitly simulated in this study. Instead, it is calculated post hoc using
the model generated results. The N demand at growth saturation, determined by the model, serves
as a threshold for comparing model demand to the calculated remineralization rate obtained from
the literature. If the remineralization rate is below this threshold, then balance growth cannot be
sustained by root uptake activity alone. The calculation of remineralization rate is expressed in Eq.
(21) in section 4.2.7.

The parameter space for the model is defined in Fig. 35. The N uptake rates by leaves and
roots were simulated for six distinct CO2(q) levels over a range of DIN (0-25 xuM NOgz", 0-25 uM
NH4*, and 0-100 M porewater NH4") concentrations. To mimic the reduction of light level in an
increasingly dense canopy, and to explore its impact on photosynthesis and N uptake pattern,
simulations were carried out for a range of fixed leaf area index (LAI) values of 0.15, 1.0, 1.5, 2.0,
2.5, and 3.0 (m? leaf m seafloor), which are observed in the field (Bostrom and Erik 2000;
Barafiano et al. 2022). Both N uptake and GrassLight models are introduced in further detail in the
section directly below. The same parameter space was also used to parameterize the GrassLight
model used to calculate photosynthesis and respiration rates. Estimates of eelgrass photosynthesis

were modeled as a function of pH and LAL.
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Fig. 35. Parameter space defining the N-growth model. For each simulation, responses such as leaf
and root uptake rates (green; z-axis) were modeled as a function of COaq) (0range; y-axis),
dissolved inorganic N (blue; x-axis), for seven distinct levels of LAI (grey) ranging from 0.15
(sparse canopy) to 3.0 (dense canopy). The CO2q) concentrations were calculated using CO2SYS
(Excel version 2.1) (Lewis and Wallace 2006) using temperature, alkalinity and salinity (Table 13)
for six distinct pH levels. In this study, CO2@q = 2200 or pH 6.0 represents the highest CO2(aq)
condition, and COz@q) = 5 or pH 8.5 represents lowest or ambient CO2(q) condition.
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Table 12. Summary of symbols (in alphabetical order), their definitions, and dimensions.

Symbol Definition Units

Bleaves Leaf biomass g DW1m?

Broots Root biomass g DW1im?2

CO2(aq) Aqueous CO; uM kgt SW

D, Dry bulk sediment density gDWm?3

dt Timestep (dt = 1/64) h

DIN Dissolved inorganic nitrogen uM

DW Dry weight g

Fyuz Rate limiting term that inhibits the leaf NO3™ and Dimensionless
root NH4" uptake rates

kGy Remineralization rate of organic nitrogen mmol N m?d!
undergoing first order decay (k in d%)

K Half saturation constant uM

LAI Leaf area index m? (leaf) m (area)

Np Predicted CO2 N demand at growth saturation gNm?d?

P, Instantaneous photosynthetic rates of a canopy umol C shoot? dt*

Pg Light and CO»-saturated rate of photosynthesis

Pim Photosynthetic constraints that limit the leaf N Dimensionless
uptake rate based on the ratio P./P,,

Prax Light saturated rate of photosynthetic umol C shoot? dt?

PQ Photosynthetic quotient Dimensionless

Q Internal N quota % of DW

Qp Rate limiting term that control the uptake rate based Dimensionless
on the size of Q

Qmax Maximum N content % of DW

Qmin Minimum N content % of DW

Riim Respiratory constraints that limit the root N uptake Dimensionless
based on the ratio Ryoot/Rroat

Rrootarhi Aerobic respiratory demand for belowground tissues ~ zmol O, shoot™? dt*

o e rhi Maximum root+rhizome aerobic respiratory demand ~ mol Oz shoot™ dt*

SwW Seawater

Vinax Maximum uptake rate of DIN umol N shoot? d?

VLNH4 Potential uptake rate of NH4* by leaves umol N shoot™ d?

VLNO3 Potential uptake rate of NOs™ by leaves umol N shoot™ d?

VRNH4 Potential uptake rate of NH4* by roots umol N shoot™ d?

VLNH4 Realized uptake rate of NH4" by leaves umol N shoot? d?

yLNO3 Realized uptake rate of NOs™ by leaves umol N shoot? d?

JRNH4 Realized uptake rate of NH4* by roots umol N shoot? d?

Vimq Maximum realized N uptake rate constrained by Q umol N shoot? d?

z Sediment depth m

%

Sediment porosity

Dimensionless
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4.2.2 Determining photosynthesis using GrassLight

Photosynthesis of the eelgrass canopy was calculated using the bio-optical model
GrassLight (Ver. 2.14), which simulates the vertical propagation of spectral irradiance through a
submerged canopy within an optically homogenous water column and calculates the in-canopy
light environment where light quality and quantity are a function of water quality (CDOM, total
suspended particles, Chl a) and canopy architecture (shoot density, leaf area index, leaf orientation,
leaf morphology) (Zimmerman 2003; Zimmerman 2006). GrassLight calculates
photosynthetically utilized radiation (PUR) absorbed by each vertical layer of the seagrass canopy,
as described by Zimmerman (2003) and Zimmerman (2006). Using PUR, the biomass-specific
instantaneous photosynthetic rate in layer z of the canopy and the amount is calculated using a

non-linear cumulative one-hit Poisson model (Webb et al. 1974; Falkowski and Raven 2007):

P(z) =1(2) - Pnax * {1 — exp I— d)pP—UR(Z)l} ®)

Pmax
where, [(z) represents the vertical biomass distribution or leaf area index in layer z [LAI(2)], Pnax

represents the light-saturated rate of photosynthesis, and ¢, is the quantum yield of photosynthesis

(1/8 mol C mol* PUR). The summation of P(z) over all layer z gives the whole canopy production
(P.):
Py = 82 ¢(-053pH) 9)

The impact of CO2(q) 0n the overall canopy photosynthesis, P, was determined by substituting Pg
for P« in EQ. (8). To convert Pg from relative units to umol O, shoot™ dt? (dt = 1/64 hour), the
net oxygen release rate at pH 8.0 established for Z. marina by Invers et al. (2001), along with
parameter values for leaf properties (leaf biomass, leaf size) in Table 2, were utilized.

Similar to CO, changes in shoot density will affect P. due to its impact on PUR(z2).

Because photosynthesis responds non-linearly to light intensity, Pc will increase with shoot density
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until self-shading effects start to reduce the amount of light delivered to lower portions of the
canopy, where most of the leaf biomass resides (Zimmerman 2003; Zimmerman 2006). To
investigate the effects of varying shoot density on P., LAI values were simulated across a range of
0.15 (79 shoots m) to 3.0 (1587 shoots m?) by adjusting the parameter values in the GrassLight
model.

Canopy photosynthesis was assumed to occur under light saturating condition unless
otherwise specified. The parameter P. was computed at every timestep (dt), over 24 hours for

plants subjected to 14.7 hours of sunlight under cloudless sky on the summer solstice at 37 ° N

(June 21). Other physical parameters required to run GrassLight can be found in Table 2. The
results were then used to calculate the aerobic respiratory demands of leaves, roots, and rhizomes
(section 4.2.3) that were incorporated into the N-growth model to quantify the effects of CO2(yg)

on the photosynthesis dependent N (as NHs" and NO3") uptake kinetics (section 4.2.4 and 4.2.5).

4.2.3 Effects of CO2(aq) On aerobic respiration rate of roots+rhizomes

The aerobic respiratory demands of leaves (Rq45), r00ts (Ryo0t), and rhizomes (R,y;) were
modeled as a photosynthesis dependent process (assuming 10% of the oxygen produced in leaves
was transported belowground (Borum et al. 2006), R.,o: and R,y,; Were quantified by scaling to
10% of Pg. The effects of CO2aq) On the maximum aerobic respiratory demand of leaves, roots,

and rhizomes were calculated as follows (Zimmerman et al. 1989):

RIax — 0.2Pg (10)
Rmax — ( 5RMmax (11)
max _ (),5Rmax (12)

rhi root
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The sum of R{32% and Ri}:™ represented the maximum respiratory demand of the belowground
tissues (R oa¥. 4i). The linear relationship between R2%. .. and Py provided the basis for
calculating Root4rhi Dased on the modeled daily P, predicted for each CO2(q) Scenario. The results
were then incorporated into the N-growth model to quantify the effects of CO2@q) 0On the uptake

rates of NH4" by the roots (see section 4.2.6).

4.2.4 Realized Leaf NH4" uptake rate
The potential uptake rate of NH4* by leaves depended on the dissolved NH+ concentration

in the bulk seawater, according to the Michaelis-Menton equation as:

LNH4 _ Vimax * [NHI] (13)
Vp T K+ [NHI] * Bleaves
s

where V., and K, were the theoretical maximum uptake rate (umol N g DW? d!) and the half-
saturation constant for NH4* («M) obtained from Thursby and Harlin (1982) (Table 3), [NH4™]
represented the ammonium concentration in seawater, and Bjeayes (=LAI X leaf mass area)
represented the aboveground (leaf) biomass in units of g DW shoot™. Ammonium uptake by leaves
was subjected to feedback inhibition by the internal N quota (Q) originally proposed by Droop
(1968), which was regulated by the upper and lower N limits as specified in the initial condition
presented in Table 3:
VrLNH4 — VP];"NH4 . QD (14)

where Qp limited the uptake rate based on the size of Q:

Q - Qmin (15)

=-1--—-
QD Qmax - Qmin

When Q = Qnax, the quota is full and the nutrient uptake goes to 0. When Q approaches Qpin, On

approaches 1 (no feedback inhibition).
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4.2.5 Realized leaf NOs™ uptake rate

The potential uptake rate of NOs™ by the leaves (V,,"N°%) was calculated using the same
formulations as for ammonium [Eqg. (13) and (14)]. Due to the lack of available data for NO3’
uptake by Z. marina, the same theoretical constants (V,,.x and K) as those used to calculate V.NH#
were employed. However, the uptake rates were modeled as a photosynthesis dependent process
as NO3™ assimilation relies on energy generated during photosynthesis (Huppe and Turpin 1994),.
Furthermore, in addition to being constrained by the size of Q, the uptake of NO3z™ by leaves was
also inhibited by the degree to which NH4* uptake was saturated in leaves (Thursby and Harlin
1982). The combined effects of CO,-stimulated photosynthesis, size of @, and inhibition from
NH4* on the realized rate of NOs™ uptake in leaves was quantified as:

VLNO3 — INHE. o py - Fyu: (16)

where Qp was defined in Eq. (15), and P}y, (ratio) represented the photosynthetic constraints that

sensitized the uptake rates to CO2q) availability using pH as proxy:

Pepn) 17)
Pim =5 ——
E(pH8.5)
The term P pny represented pH dependent P, output from GrassLight and Pgpus.5) Was Pg at pH
8.5 (low COaq) concentration). The feedback effect, Fyy+, was mathematically defined as:

VrLNH4 (18)

Ft =1 -
NHI VmaX
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4.2.6 Realized root NH4* uptake rate

The assimilation of NH4" by the roots requires aerobic respiration provided by the lacunal
transport of photosynthetically produced oxygen from the leaves (Morris 1984; Rosen and Carlson
1984). The root uptake rate of NH4* from the sediment was therefore, regulated by P. and
consequently R..ot+rni- FOllOwing a similar mathematical expression as Eq. (16), the realized root
NH4" uptake rate was defined as:

VRNHE = RNHE. 9 Ry Frug (19)

and V;-NH* was defined as:

Vinax - porewater[NH; | (20)
K, + porewater[NH}] ¢

RNH4 _
Vs =

The term V;"NH* denoted the potential uptake rate of NH4* by belowground tissues, which was

governed by the theoretical kinetic constants V;,,, and K, specific to NH4* uptake by roots (Table
3). The rate of uptake was also determined by porewater [NH4*] and the amount of belowground

biomass (B,.ots) (9 DW shoot™). In Eq. (19), the terms Qp, and Fyyy were defined by Eq. (15) and

(18), respectively. The parameter Rj;,, represented the COo-dependent R,,oitrni and was
determined by normalizing pH-specific Ryoot4rhi 10 Rioars i at pH 8.5. The rationale behind Ry;p,

root+rhi

was the similar to Pj;y,.

4.2.7 Estimates of remineralization rate
A modified version of a basic diagenetic equation of organic matter was used to calculate
the rate of organic nitrogen remineralization needed to meet the predicted N uptake requirement

at growth saturation as projected by the model. The rate was calculated as follow:
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Np (21)
Dy-¢-z

kGy =

The parameter kGy (mmol N m2 dt) was determined for sediment at depth of 20 cm (z) with a

dry bulk density (D) of 1.7 x 106 g DW m™, assuming a constant porosity (¢) of 30%. This

calculation was performed under the assumption of no bioturbation and no NH4* adsorption by the
sediments (Mortland 1955).

The term Np (mmol N m d?) represented the maximum realized rate of N (as NH4* and

NOz") uptake required to achieve growth saturation, as determined from Eq. (14), (16), and (19) at

steady state. It was assumed that the remineralization of organic N followed first-order decay rate

(k in d).

4.2.8 Model parameterization

The fixed parameters used for running the GrassLight model this study are summarized in
Table 2. All other parameters (such as chlorophyll a, CDOM, and turbidity) were maintained at
their default values. Shoot density (shoots m2) was calculated from the LAI values, assuming a
shoot leaf area of 0.002 m? shoot™ (Zimmerman unpublished data for Z. marina from South Bay
population in Eastern Shore, Virginia). The model assumed a clean leaf surface without any
epiphyte load. The optical properties of the water were modeled for a water depth of 1 m during
the summer solstice in the Northern Hemisphere. The coordinates (latitude and longitude)
necessary for generating irradiance profile were parameterize using the location of the CO;
experiment presented in Chapter 2. Water temperature was fixed at 26 °C to simulate a typical
warm summer, below the 30 °C threshold that elicits thermal stress in eelgrass (Zimmerman et al.

1989; Hammer et al. 2018).
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A list of values in Table 3 was used to parameterize the N-growth model. The theoretical
constants related to the maximum uptake velocity (V,,.,) and half-saturation constant (K) for NH4*
and NOs™ uptake kinetics in leaves and roots were obtained from the literature. Growth was capped
at 3% d*, regardless of Q, a reasonable upper estimate for a productive eelgrass population
(Dennison and Alberte 1982; Short 1987; Zimmerman et al. 2017). The values for Q were
constrained not to exceed 4% of DW (Qpax) Or drop below 0.95% of DW (Qpin) for the entire
shoot (leaves, roots, and rhizomes combined). The N contents of new leaf and root/rhizome tissues
were set at 2% and 1% (of DW), respectively. The values for Q. and N content of new leaves
were obtained from Chapter 2 and represented the average of the entire leaf N dataset collected
over 18 months of experimentation. The values for Q,,;, and N content for new roots were based
on Zimmerman et al. (1987). Growth was allocated between roots/rhizome and leaves at a constant
root:shoot ratio of 1:3 to maintain allometric growth (Duarte 1991). All calculations were
performed using a 1/64 (h) timestep and terminated when Q, growth rates, and N uptake rates
stabilized (aka steady state condition). Consequently, all results presented in this study reflect the

model’s steady state solutions under the specified conditions mentioned earlier.
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Table 13. Fixed parameter values assigned to each GrassLight run. CO. simulation was performed
for a range of pH (or CO2(q) condition under different LAI values. The pH (or CO2q)) values are
given in Fig. 35. All runs were conducted for summer solstice with 14.7 hours of sunlight and
under cloudless sky. Parameters not listed below have their default values commanded in
GrassLight. See GrassLight model and Zimmerman references for details. Bjeaves = LAl X leaf
mass area. Value for leaf mass area is given in Table 14.

Parameter Values Units
Latitude 36.8207 degree
Longitude -75.9841 degree
Water temperature 26 °C
Salinity 30 PSS
Alkalinity 2.2 mEq L
Water depth 1 m
Canopy height 0.3 m
Leaf epiphyte load 0 mg cm
Shoot leaf area 0.00189 m? shoot™®
Shoot density:
LAI 0.15 79 shoot m
LAI 0.5 265 shoot m
LAI 1.0 529 shoot m
LAI 15 794 shoot m
LAI 2.0 1058 shoot m
LAI 2.5 1323 shoot m
LAI 3.0 1587 shoot m

Shoot:Root Ratio 31




Table 14. Fixed parameter values assigned to each N-growth model run. The effects of CO2(q) on N uptake were performed for a range
of pH (or CO2@q)) condition for a fixed LAI value (given in Table 13).

Parameter Values Units Source
CO2(aq) (PH)
2200 700 200 70 20 5
(6.0) (6.5) (7.00 (75 (8.0) (8.5)
Vinax Of NH4* by leaves 20.5 uM g DWtht Thursby and Harlin (1982)
K, of NH4* by leaves 9.2 uM Thursby and Harlin (1982)
Viax Of NO3™ by leaves 20.5 uMgDW!h Zimmerman et al. (1987)
K, of NO3™ by leaves 9.2 uM Zimmerman et al. (1987)
Vinax Of NH4™ by roots 211 uMgDW1h Thursby and Harlin (1982)
K, of NH4" by roots 104 uM Thursby and Harlin (1982)
Pg 025 019 015 011 0.09 0.07 umol Oz shoot dt?*  Values determined from
GrassLight

o erhi 0.025 0.019 0.015 0.011 0.009 0.007 pmol Oz shoot™ dt* Calculated using Eq. (10-12)
Qmin 0.95 % of DW Zimmerman et al. (1987)
Qmax 4 % of DW CO2 experiment (Chapter 2)
N content for new leaf
tissue 2 % of DW CO2 experiment (Chapter 2)
N content for new root
tissue 1 % of DW Zimmerman et al. (1987)
Maximum SGR 3 % d? CO; experiment (Chapter 2)
Root:Shoot ratio 1:3 g DW!m? Zimmerman et al. (2015)
Leaf mass area 100 g FW m™ leaf Zimmerman unpublished data
DW:FW 0.2 g DW Jinuntuya unpublished data

8T
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4.3 Results
4.3.1 The effects if COz(@aq) and LAI on photosynthesis and root respiration

The maximum respiration rates for roots/rhizome (R55%. ;) based on Eq. (10), (11), and
(12), displayed a linear relationship across the P gradient, and ranged between 2 x 10 and 6 x
10* umol O, shoot™ dt* (Fig. 36). This relationship led to the prediction that approximately 2%
of the photosynthetically generated oxygen supplied from leaves (assumed to be 10%), was
utilized to support root metabolism, while 8% diffused into the sediment.

Because all simulations were performed for the summer solstice, photosynthesis occurred
over a daylight period of 14.7 hours. The diurnal pattern in P. showed a strong response to pH (or
CO2(ag)) during the daylight period (Fig. 37A-F). The daily pattern of canopy photosynthesis
closely tracked the sinusoidal pattern of light availability and the effects of canopy self-shading
decreased shoot-specific photosynthesis with increasing LAl at pH 6. The effects of LAl on P. was
greatest at pH 6.0, where the increase in LAI from 0.15 to 3.0 m? m™ resulted in a near 50% drop
in Oz production. P. decreased for all LAI scenarios as pH increased but the self-shading effect
from increasing LAI decreased. However, the daily pattern of photosynthesis became more square-
wave as Pc became limited by CO2q) availability. This plateauing effect was strongest at pH 8.5
but was also observed at pH 7.0 for LAI of 1.0 m?> m? and below.

Utilizing the relationship illustrated in Fig. 36, the estimation of R.qot4+rhi Dased on P.
exhibited a cascading impact resulting from variations in CO2@q)/pH levels, mirroring the P, trends
observed in Fig. 37A-F. In contrast to the direct influence of CO2(q) on P., the impact of CO2(yg)
0N Ryo0t4+rni Was mediated by O. production, with the highest level observed under high CO2yg)

conditions and lowest under low COx(q) conditions. As with P., Ryoot+rhi Was highest at high

COz@q)/low LAI (Fig. 37G-L) and lowest at low COz@q)/high LAI. The effects of LAl 0N Ryoot4rhi
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increased with decreasing CO2@q) concentration, with the impact being smallest under low COz(g)

concentration and became progressively larger as the concentrations increased. Under the highest

CO2(aq) Simulation, increasing LAI from 0.15 to 3.0 resulted in approximately 30% reduction in
max

Rioot+rhi - Further, in this condition, R.oot+rni NEVer reached R ooiiqni INdicating that the

respiration rates were not limited by CO2@q) but rather by light.

6.0E-03

. y =0.0225x
< 5.0E-03 2 =1

. 4.0E-03

oot+rhi

R,
(umol O, shoot! dt

3.0E-03

2.0E-03
1.0E-03

0.0E+00

0 0.1 0.2 0.3
Py
(umol O, shoot! dt!)

Fig. 36. A property-property plot demonstrating the linear relationship between light and COo-
saturated rate of photosynthesis (Pg) and maximum aerobic respiratory demand of roots+rhizome
(Rro2% . rhi) determined for Zostera marina L. Pg values were estimated using GrassLight model
based on conditions outlined in Table 2 for six pH (COzaq) levels; pH = 6.0 (2200 uM), pH = 6.5
(700 uM), pH = 7.0 (200 uM), pH = 7.5 (70 uM), pH = 8.0 (20 uM), and pH = 8.5 (5 uM). The

oot +rhi Was calculated according to Eq. (10), (11), and (12) It was assumed that 10% of P was
available to roots for respiration (Borum et al. 2006).
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Fig. 37. Each panel illustrates the diurnal pattern of (A-F) shoot specific instantaneous canopy
photosynthesis (P.), and (G-L) shoot specific instantaneous aerobic respiration for roots+rhizome
(Rroot+rni) Predicted over 14.7 hours of daylength under different CO2(q) treatments. The
parameter R.,ot+rhi Was calculated according to Eqgs. (10-12) based on 10% of P. (Borum et al.
2006). Each colored line represents response at different LAI specified in the legends. The COz(aq)
concentrations were calculated using CO2SYS (Excel version 2.1) (Lewis and Wallace 2006) at
temperature, salinity, and alkalinity provided in Table 13 for six distinct pH levels. Solid grey
horizontal lines represent the light and CO2q) saturated rates of photosynthesis (Pg; GrassLight

estimates) and respiratory demand (R

respectively.

max
root+rhi

calculated according to Eq. (10), (11), and (12)),
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4.3.2 Nutrient requirements for growth

The dissolved inorganic N (DIN) concentrations required for growth saturation in eelgrass
were predicted to be relatively low. Under steady state conditions, when no alternative sources of
DIN were available, a constant water column concentration of 1.2 uM NH4* was able to saturate
growth, regardless of the LAl or CO2@q) conditions. When NO3™ was the sole source of nitrogen,
the model predicted that eelgrass would need concentrations ranging from 1 to 3 uM NO3
concentrations to achieve maximum growth (Fig. 38A). Alternatively, when porewater NH4* was
the only N source, eelgrass required between 2 and 8 uM NH4* for growth saturation (Fig. 38B).
The specific range of NO3z™ and porewater NH4" concentrations depended on the levels of CO2(ag)
and LAI. Higher CO2aq concentrations resulted in reduced concentrations of both NOs™ and
porewater NH4" required to saturate growth because of the faster uptake rates with increasing
CO2aq concentrations. However, increasing biomass density (or LAI) required higher

concentrations of NO3™ and porewater NH4" to meet growth demand.

4.3.3 Effects of CO2(aq) and LAI on N uptake

The realized rate of NH4" uptake by leaves (1NH4) (Fig. 39), NOs™ by leaves (VNO3) (Fig.
40), and NH4" by roots (V,RNH4) (Fig. 41) integrated over 24 hours, increased hyperbolically to an
asymptotic value of 1.9 umol shoot? d1. This value represented the maximum realized uptake
capacity (Vymq) at growth saturation that is constrained by Q. When uptake was not constrained
by growth demand, the potential uptake capacity for NOs'(V,-N°3) and NH,* (V,*NF*) by leaves,
and NH4" by roots ( 1;"N"*) were several orders of magnitude higher than Vyax for all CO2(q) and

LAI scenarios. These results indicated that nitrogen uptake capacity of eelgrass greatly exceeds
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the internal N demand required to support growth. This capacity for luxury uptake is a common

property of virtually all plants and algae.

5
W

(3]
Water column NO'3 (M)

1.5

(M)

+
4

Porewater NI

0.7 1.3 1.8 23 2.8 33
log COz(aq) (M)

8.5 8.0 7.5 7.0 6.5 6.0
pH

Fig. 38. Heatmap illustrating the (A) water column NOs™ concentrations, and (B) porewater NH4*
concentrations required to saturate eelgrass growth plotted as a function of log COz(q) (uM) (or
pH presented on the secondary x-axis) for fixed LAI values. Nitrogen requirements were estimated
based on growth rates of 3% d*.
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The effects of CO2g) and LAI on the N uptake rates varied depending on the source of
DIN and the mode of uptake (leaves versus roots). Neither CO2(q nor LAl had an impact on
canopy uptake of NH4* (Fig. 39). These rates increased with NH4* concentrations until the internal
N reserve reached its capacity defined by the horizontal gray plane, after which the realized canopy
uptake was constrained well below Vimax.

In contrast, the daily realized rate of NO3™ uptake by leaves and NH4" by roots showed
variations with CO2@q), LAI and nutrient concentrations (Fig. 40 and 41). Both leaves and roots
exhibited faster uptake of DIN at high CO2(g), and allowed growth to saturate at <1 uM of NOs
or <2 uM of porewater NH4*. A drop in CO2@q) concentrations from 2000 to 5 uM, resulted in
decreased uptake rates and an increased requirement of DIN (300 to 400%) to achieve V..
Increased CO2@q) also increased the potential uptake capacity of eelgrass (colored hyperbolic

curves), although these responses were suppressed at high LAI, as demonstrated in Fig. 40 and 41.
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Fig. 39. Daily integrated rate of realized (1;"N"*) (black symbols) and potential (V,-"N"*) (color
hyperbolic curve) uptake rate of NH4" by leaves at steady state plotted as a function of log-
transformed CO2@q) concentrations (dash lines) and NH4™ concentrations. The colored surface
represents the potential uptake capacity in response to NH4™ and log CO2(aq) concentrations without
any constraints from the size of the internal Q. The grey surface plane depicts the maximum
realized uptake rate required to saturate growth (V;mq) as constrained by Q.



146

LAI 0.15
20, 20
(5]
g -
g o154
o g
o
Z. =1
= < 104
& Z
Fc —_—
§ g 3
s S
2 0
3
/O . 25
é’CO 0 ¢ 5 10 15 20
@A@e@q) NO; (uM)
LAI 1.5 LAI 3.0
Wy T | 20,
L (5]
- -
8 w2 = S w2
S w915 2 g 915
o' o’ 's
Z 9 Z B
gg 310~ E EIO\
% S s % S 5
N g 7] N OE 7]
T3 5 3
B 0 & 0.
3 )y SG
b, 15 25 b, 15 "5
é’(\o 0 5 10 15 20 é’oo 0 5 10 15 20
@402/99) NO_3 (M) @47)2(‘79) NO_3 (M)

Fig. 40. Daily integrated rate of realized (1;“N°3) (black symbols) and potential (V,-"N°3) (color
hyperbolic curve) uptake rate of NO3z™ by leaves at steady state plotted as a function of log-
transformed COz@q) concentrations (dash lines) and NOz™ concentrations. The colored surface
represents the potential uptake capacity in response to NOs™ and log CO2(q) concentrations without
any constraints from the size of the internal Q. The grey surface plane depicts the maximum
realized uptake rate required to saturate growth (Vyn,q) as constrained by Q.
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Fig. 41. Daily integrated rate of realized (,XN"*) (black symbols) and potential (V;XN"*) (color
hyperbolic curve) uptake rate of NHs" by roots at steady state plotted as a function of log-
transformed CO-(q) concentrations (dash lines) and NOz™ concentrations. The grey surface plane
depicts the maximum realized uptake rate required to saturate growth (V,.n,q) as constrained by Q.
The colored surface represents the potential uptake capacity in response to porewater NH4" and
log CO2@q) concentrations without any constraints from the size of the internal Q.
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4.3.4 Effects of COz(aq) and LAI on N uptake kinetics, Vi,ax and Kg

Except for leaf uptake of NH.", elevated COzq) increased the uptake rates of NOs™ by
leaves and NH.* by roots as shown in Fig. 40 and 41. When unrestricted by Q, the potential N
uptake capacity (Vomax) exceeded Vi as shown in Fig. 42. The maximum potential uptake rates
for NOs™ (Vymae) and porewater NHa* (Vosax™) exhibited positive linear slopes with log CO2aq)
(Fig. 42). Although CO»-stimulated Via® and Vomax', increasing LAI (i.e. shoot density)
attenuated the COxq) effects. Increasing LAI from 0.15 to 3 (m? m) resulted in a 30% reduction
in the slopes of Vomae, declining from 5.2 to 3.5 (uM N shoot™ d™* uM™ log COz(g)). Similar
effects were observed for Vpﬂ‘}l“a’;“'. This reduction in COz(aq) stimulated Vj,,,x Was due to the self-
shading impact of increasing LAl on P. (Fig. 37A-F), as the assimilation of NOs" in leaf and NH4*
in root tissues depended on P.. The influence of LAI was more pronounced at high COx(q) than at
low CO2(aq) Where eelgrass photosynthesis was CO2-limited (evidenced by the plateauing of the P,
curves). Increasing LAI suppressed the maximum uptake capacity of both V;No2 and Voax* by

approximately 20% under elevated CO2(q) conditions and by around 10% under low CO2zg).

+
The half-saturation constant (K;) for water column NH4* (KSI\IH“) remained constant at 9.7

M, indicating that the leaf uptake for NH4" was not influenced by COz@q) or LAl manipulations

(Fig. 43A). In contrast, the K values for water column NOs’ (K;\IO;) and for porewater NH4*

+
(KSpWNH‘*) decreased logarithmically with increasing CO2@q) and the rate of change also varied

with LA, as evident in the slopes in Fig. 43B and 43C. At low CO2@q) concentrations, variations

in LAI values had minimal effect on KNO5

+
s - and KfWNH". Under such conditions, the difference in

K values between LAI values of 0.15 and 3 was predicted to less than 2%. However, as CO2(yg)

concentrations increased, the difference in the K values increased approximately 10 times.
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Similarly, the NOs™ uptake affinity (a = Vymax/Ks) for leaves and NH4" uptake affinity for roots

were two to three times higher at high CO2(aq) compared to low COz@q) concentrations (Table 15).

The o of leaves for NO3™ was much higher than the a of roots for NH4".
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Fig. 42. Effects of COz@q) concentrations and LAI on the daily integrated maximum potential
uptake rate for (A) NHs* by leaves (Vomax'), (B) NO3 by leaves (Vomax ), and (C) porewater NH4*
by roots (VRNH#) The COa@q concentrations are expressed in log scale. The horizontal grey

pmax

symbols represent the predicted maximum realized N uptake rate constrained by Q as determined
from Eq. (13), (14), and (15).
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Table 15. Effects of COx(q) on uptake kinetics: maximum potential uptake rate, Vymax («mol shoot d?), half-saturation constant, K
(uM), and affinity coefficient o (Vymax/Ks) of ammonium and nitrate in leaves and roots. Values in parentheses represent the
corresponding pH values.

Parameter Vomax K o
LAI LAI LAI
0.15 15 3.0 0.15 1.5 3.0 0.15 1.5 3.0
Leaf NOs™:
CO2(q) = 2200 (6.0) 22.69 22.33 17.26 7.56 8.14 8.8 3.00 2.50 1.96

700 (6.5) 19.75 17.58 15.24 7.93 8.21 8.82 2.49 2.14 1.73
200 (7.0) 16.87 15.37 13.16 8.35 8.54 8.82 2.02 1.80 1.49
70 (7.5) 13.97 12.58 1141 8.61 8.50 9.03 1.62 1.48 1.26
20 (8.0) 11.25 10.56 9.52 8.73 8.83 9.03 1.29 1.20 1.06

5 (8.5) 9.07 8.49 7.88 8.93 8.84 9.10 1.02 0.96 0.87

Leaf NH4":
2200 -5 (6.0 - 8.5) 19.66 19.66 19.66 9.66 9.66 9.66 2.04 2.04 2.04

Root NH4*:

2200 (6.0) 59.07 50.87 45.80 65.06 67.27 76.96 0.91 0.76 0.60
700 (6.5) 51.33 46.39 39.80 68.22 72.58 75.91 0.75 0.65 0.52
200 (7.0) 46.98 41.75 36.44 76.84 76.76 80.52 0.61 0.54 0.45

70 (7.5) 39.97 36.42 31.96 81.48 81.34 83.25 0.49 0.45 0.38
20 (8.0) 32.29 30.49 27.52 82.78 83.95 85.98 0.39 0.36 0.32
5 (8.5) 26.65 25.38 23.30 86.67 87.29 88.61 0.31 0.29 0.26

45y
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4.3.5 The effects of COzaq), LAl and nutrient availability on leaves and roots uptake pattern

For a typical DIN profile encountered in situ (5 uM water column NH4", 5 uM water
column NOsz™ and 100 M porewater NH4"), the model predicted that roots assimilated 60% and
leaves assimilated 40% of the total N when log CO2@q) < 1uM (or pH 8.0) (Fig. 44). Under this
specific condition, when water column NOs™ and NH.* were present in equal amounts, leaf uptake
favored NH4" over NOs™ and represented about 30% of the total N assimilated. As log CO2(ag)
increased to 3.3 uM (pH 6.0), the uptake of NH4* from the water column declined followed by a
slight increase in the NOs™ uptake. At elevated log COx(q), leaves assimilated N as NH4* and NOs”
in roughly equal amount and made up about 30% of the total N in plants when combined. The
effects of increasing LAI were relatively minor, or completely absent when NH4* was the only N
source for leaves.

Leaves took up more NH4" at low COz(q) regime and high LAL, than at high CO2(aq) regime
and low LAI (Fig. 45). In general, leaves and roots took up more NO3z™ (Fig. 46) and porewater
NH4* (Fig. 47), respectively, under high CO2(q) and low LA, than in low COz(q) and high LA, if
these nutrient concentrations were above water column NH4* concentrations. The percentage of
total N assimilated as NHs4* by leaves increased asymptotically with increasing NH4*
concentrations in the water column. For seawater with CO2(q) concentrations less than 5 uM (log
CO2@q) ~1 uM, pH 8.5), the model predicted that leaves assimilated as much as 50% of the total N
as NH4* when the NHs™ was > 25 uM in the water column. Leaf NH.* uptake decreased with
increasing COz(q) availability and the contributions of total N as NH4" dropped to < 40% at LAI
=3, and <30% at LAl = 0.15. As water column NH4" concentrations increased beyond 25 xM, the
combination of high CO2@q) and high LAI caused the uptake of NOs™ by leaves to decrease

asymptotically to about 10% and the contribution of N as NH4™ by roots to decline to 40%.
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Fig. 44. Percentage of total N uptake by leaves and roots under standard nutrient simulation (5 uM
water column NH4*; 5 uM water column NOs", 100 «M porewater NH4") plotted as a function of
log COz(q) concentrations for different leaf area index (LAI) (color). Symbols represent the type
of uptake: (A) represents root uptake of porewater NH4* (RNH4); (O0) and (©) represent leave
uptake of water column NO3" (LNO3) and water column NH4*(LNH4), respectively.
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Fig. 45. Percentage of total N taken as NH4* by leaves (top), as NOs™ by leaves (middle), and as
porewater NH4™ by roots, plotted as a function of water column NH4" (0-50 xM) and log-
transformed CO2@q) concentrations for fixed LAIl. Water column NOs and porewater NH4*
concentrations were fixed at 5 and 100 uM, respectively during each simulation. The colormaps
represent the model solutions at steady state condition. Plot orientations are as follow: x-axis =
water column NH4" concentrations, y-axis = log CO2(q) («M), and z-axis = % of total N.
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Fig. 46. Percentage of total N taken as NH4* by leaves (top), as NOs™ by leaves (middle), and as
porewater NH4* by roots, plotted as a function of water column NOs (0-50 M) and log-
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concentrations were fixed at 5 and 100 xM, respectively during each simulation. The colormaps
represent the model solutions at steady state condition. Plot orientations are as follow: x-axis =
water column NH4" concentrations, y-axis = log CO2(q) («M), and z-axis = % of total N.
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Fig. 47. Percentage of total N taken as NH4* by leaves (top), as NOs™ by leaves (middle), and as
porewater NH4* by roots, plotted as a function of porewater NH4" (0-100 M) and log-transformed
CO2(aq) concentrations for fixed LAI. Water column NOs™ and NH4* concentrations were fixed at
5 uM during each simulation. The colormaps represent the model solutions at steady state
condition. Plot orientations are as follow: x-axis = porewater NH4* concentrations, y-axis = log
CO2(aq) (M), and z-axis = % of total N.
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The leaf uptake of NOs™ increased asymptotically with increasing NOs™ concentrations (Fig.
46). This increase in leaf uptake of NOs™ led to a 10-20% reduction in the leaf NH4" uptake, and a
30-40% reduction in the root NH4" uptake depending on CO2@q) and LAI. The interactive effects
of decreasing COz@q concentrations and increasing LAI resulted in a 20% reduction in the
contribution of NOs" to the total N in eelgrass. Leaves never assimilated more than 35% of N as
NOgz", even when the nutrient concentrations reached 50 «M. These results indicated that NO3
represented a minor source of N in eelgrass even in a high CO2@q) environment.

Over the concentration range of porewater NH4* (0-100 «M) utilized in the model, roots +
rhizome assimilated a higher proportion of N as NH4* under elevated CO2@q) and LAI conditions
(Fig. 47). Under low CO2q) conditions, roots + rhizome assimilated between 50 and 60% of N as
NH4*. As CO2@q) concentrations increased, the contribution of roots + rhizome to the total N in
eelgrass increased to over 70% (not exceeding 80%) in response to increased CO2(g)
concentrations. In such circumstances, the contributions from leaves to the total N decreased to
30%. Roots and leaves contributed equally to the total N when porewater NH4* was at least 27 uM

(also see Fig. 48).
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Fig. 48. Isopleth of equal (50%) N uptake by leaves and roots/rhizome defined by CO2@q) (in log
scale) and porewater NH4™ concentrations for LAI values ranging from 0.15 to 3.0. The pH values
are provided along the secondary x-axis. Leaves dominate N uptake below the lines; roots
dominate above the lines.
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4.3.6 Remineralization requirements

The sediment NH4" regeneration rate was assumed to be equivalent to the maximum
realized N demand or V;q predicted by the model. When scaled to different LAI values, Viyax
increased linearly, ranging from 0.15 to 3.1 mmol N m d* (Fig. 49). This range was significantly
lower, by several orders of magnitude, than the global average ammonification rates of 29.8 (£ 6
SE) mmol N m? d* calculated from values reported for vegetated sediments across latitudes
(Dennison 1987; Caffrey and Kemp 1990; Herbert 1999). Based on this global average, this rate
of ammonification would be able to sustain well over 13,000 shoots m, which is equivalent to

LAI of 25.
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Fig. 49. Comparison of N uptake rate (i.e. N demand) and N remineralization rate (blue solid and
red dash lines; values obtained from the literature) across different LAI. The data points are model
results of the maximum N uptake rate of Zostera marina L. required to sustain growth rates of 3%
dl.
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4.4 Discussion

The model predicted low N demand for eelgrass (<2 pmol N shoot? d) across all CO2q)
conditions. Eelgrass required 1.2 uM of NH4* or 1-3 uM NOs" from the water column, or 2-8 uM
NH4" from the sediment pool to maintain balanced growth. Leaf uptake of NOs™ and root uptake
of NH4" increased due to higher photosynthesis and respiration rates influenced by changes in
CO2q) and LAL Roots played a key role in N uptake (as NH4") across various COz@q) and LAI
scenarios, indicating their importance in N acquisition strategy as CO2(gq) levels increased. Overall,
present study highlights the importance of photosynthesis in regulating N assimilation and
acquisition between the above- and belowground components, and suggest that most eelgrass

meadows are unlikely to experience N limitation, even in high CO2@q) environments.

4.4.1 Variable photosynthetic rates in leaves in response to changing COz(@q) and LAI

The influence of LAI on photosynthetic rates revealed the significance of canopy
architecture, especially in a density-dependent manner, as suggested by Zimmerman (2003).
Eelgrass canopies with high LA, indicative of high shoot density, exhibited a negative impact on
photosynthetic rates, possible due to canopy self-shading (Enriquez and Pantoja-Reyes 2005;
Enriquez et al. 2019). Self-shading effects were most pronounced under elevated CO2(q)
conditions, leading to a one third reduction in Pg values between dense (LAl = 3.0) and sparse
(LAI = 0.15) canopies. Conversely, in low COzq environment, the impact of self-shading on Pg
was limited to at most 5%. The limited impact of canopy self-shading on overall P. and Pg under
low CO2(q) conditions suggests that eelgrass was already CO»-limited, as evident from plateauing
of P. curves across much of the photoperiod (14.7 hours). Although not a robust predictor of

photosynthesis in present day CO2q) conditions, this study proposes that LAI could play a crucial
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role in driving net primary productivity of eelgrass and influencing metabolic activities that depend

on photosynthesis in future CO2-enriched oceans.

4.4.2 Variable respiration rates in roots in response to changing COz(g) and LAl

In this model, the rates of aerobic respiration in eelgrass roots (and rhizomes) were
controlled by the transport of O2 from shoot photosynthesis, allowing for the impacts of CO2(aq)
and LAI on belowground metabolism to be quantified. The results predicted that increased CO2(ag)
availability would lead to higher rates of below-ground respiration due to increased oxygen
production at higher CO2(q) levels. Root respiration, like other forms of cellular respiration, relies
on oxygen transported from the leaves to convert carbohydrates (such as sucrose) into energy to
support metabolic processes such as nutrient uptake and assimilation (Zimmerman et al. 1989;

Foyer et al. 2011).

Not all the photosynthetically produced oxygen was available to roots and rhizomes.
Assuming that 10% of oxygen produced during photosynthesis was transported down to the roots
(Borum et al. 2006; Bodensteiner 2006), this study predicted that approximately 2% of the oxygen
produced in the leaves and transported would be utilized by roots for respiration. This was based
on the relationship observed between the respiration rates of roots + rhizomes and the light and
COo-saturated rate of photosynthesis determined at different CO2(aq) concentrations (as shown in
Fig. 4). The remaining 8% is assumed to diffuse into the surrounding rhizosphere where it can
have significant impacts on diagenetic processes in otherwise anoxic sediments. The release of O>
may, for example, restrict sulfide production and its intrusion into vulnerable roots (Brodersen et
al. 2015; Martin et al. 2019). It may also promote nitrification, reducing porewater concentrations

of NH4" that have been shown to be highly toxic to eelgrass (Chapter 3). The positive gradient
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caused by enhanced photosynthesis at elevated CO2(q) concentrations would benefit eelgrass by
providing protection against detrimental toxic sulfide intrusions affecting survival.

Like the trends observed for photosynthetic rates (ref. Fig. 37A-F), the extent of the
positive effects of CO2@q) on respiration rates was found to depend on LAI. Less stimulation of
root respiration at high CO2q) concentrations in heavily shaded areas, characteristics of eelgrass
canopy with high LAI, may be limited by oxygen availability due to reduced photosynthetic rates
caused by self-shading (Pérez and Romero 1992; Marchiori et al. 2014). Conversely, reduced
stimulation of root respiration rates at low COz(q) concentrations may be attributed to low oxygen
as well as low sucrose availabilities, resulting from reduced carbon fixation at low CO2q) levels.
Evidence from Chapter 2 supports lower sucrose concentrations in leaves, roots, and rhizome at

low CO2(q) concentrations.

4.4.3 Leaf and root uptake dynamics in response to DIN, CO2(ag), and LAl

When not constrained by growth rates, both eelgrass leaves and roots exhibited greater
uptake capacities for NO3™ and porewater NH4* than necessary for optimal growth, as illustrated
by the color hyperbolic curves in Fig. 40 and 41. Previous uptake experiments (lizumi and Hattori
1982; Thursby and Harlin 1982; Short and McRoy 1984) demonstrated the ability of eelgrass to
rapidly absorb large amounts of nutrients from the environment, possibly as a strategy to capitalize
on transient pulses of nutrients that pass through the meadow. Despite possessing high uptake
capacity, this study predicted low N demand for eelgrass, owing to their low specific growth rates
compared to other fast growing micro- and macroalgae (Nielsen et al. 1996; Young and Gobler
2017). Nitrogen demand was estimated to be less than 2 pmol N shoot™ d* (i.e. V,.x), Which was

within the range reported for Z. marina from field observations (Dennison et al. 1987).
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The N uptake model presented in this study highlights the important role of photosynthesis
and aerobic respiration in regulating N metabolism. The observed increases in NO3™ uptake rate by
leaves and NH4" uptake rate by roots (and rhizomes) for Z. marina were attributed to increased
photosynthesis and respiration rates, which were impacted by changes in COz@q) and LAI as
anticipated by the model. The uptake and assimilation of dissolved inorganic nitrogen (DIN) in
photosynthetic organisms are an active metabolic process that requires energy (such as ATP,
NADPH etc.), and reductant and fixed carbon (such as sucrose) that are generated during
photosynthesis (Flores et al. 2005; Nunes-Nesi et al. 2010). The model outcome proposed that
leaves under elevated CO2(q) would respond to NOs™ availability similarly to illuminated leaves,
where higher uptake rates correlate with light-stimulated photosynthesis (Zimmerman et al. 1987).
This formulation aligns with prior studies that suggested a positive relationship between
photosynthetic activity and NOs™ assimilation in plants (Lillo 2008; Walker et al. 2014; Kinoshita
and Kinoshita 2022) and algae (Weger and Turpin 1989; Huppe and Turpin 1994). This study also
highlighted the dependence of root NH." uptake on photosynthesis, as root and rhizome respiration
were found to be strongly influenced by photosynthetic rates in the leaves (Smith et al. 1984). This
relationship ultimately governs root NH4* uptake rate in the model. Photosynthesis is thus critical
in nutrient uptake and assimilation, especially when NOz™ is an N source, as the assimilation of
NOs" is particularly (photo)energy-intensive, requiring between 20 to 30% of the electrons
generated by photosynthesis (Peuke and Kaiser 1996). While changes in CO2(aq) and LA positively
impacted NOs" leaf uptake rates, they had no direct impact on leaf NH4* uptake rate of Z. marina.
Given that NH4" uptake occurs in both light and dark conditions (Rubio et al. 2007), the absorption
of NH4" by leaf is independent of photosynthesis. Consequently, the NH4* leaf uptake pattern

produced by the model is consistent with typical observations of N uptake/assimilation in plants
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and algae (Britto and Kronzucker 2002; Alexandre et al. 2016; Reidenbach et al. 2017), confirming
the model’s accuracy in demonstrating the diurnal responses of NH4* uptake pattern and its
contributions to total N in eelgrass. This study implies that the forms of DIN present in the

environment will be important for eelgrass to meet their N requirement in future oceans.

Under elevated CO2(q) conditions, eelgrass leaves and roots exhibited increased N uptake

capacity (V,max) and greater responsiveness to low concentrations of NOs™ and porewater NH4".

The decreasing K, values are a result of the model’s formulation, driven by increasing
photosynthesis (Py;,,) root respiration (R);y, ), Which are influenced by changes in CO2(@q) and LA
Lower K, indicated that both leaves and roots exhibited higher affinity for these nutrients at low
concentrations under increasing CO2(q) concentrations. The enhanced nutrient uptake efficiency
was further supported by the higher affinity coefficient (a« = V,max/Ks), Which evaluates nutrient
uptake efficiency (Harrison et al. 1989). Specifically, the affinity coefficient of leaves for NOz
and roots for porewater NH4" was at least twice as high under high CO2(aq) compared to low CO2(aq),
indicating a faster uptake of these nutrients under high CO2@q) conditions. Data on the interactive
effects of CO2 and nutrient uptake in seagrass are limited, but one study suggested that CO> may
stimulate the nitrogen transporter gene responsible for higher DIN uptake in CO2-enriched
Posidonia oceanica living near a volcanic vent (Ravaglioli et al. 2017). However, a study by
Alexandre et al. (2012) reported no significant effects of CO2 enrichment on the NO3™ uptake rates
in Z. noltii. It should be noted in that study, Z. noltii was exposed to seawater with pH levels of
8.13 and 7.91, which roughly corresponds to ~20 UM COz(q) in current study. This narrow range
of CO2q) levels may have limited the ability to detect any potential impacts of CO2(aq) on the NO3”
uptake Kinetics in that study. The current study predicted that eelgrass leaves with improved

photosynthetic activity (high CO2@q), low LAI) can effectively utilize even low levels of NOs’,
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enabling the uptake of both NH4" and NO3™. Moreover, in the highest CO2(g) conditions, the model
predicted nearly equal uptake of NH4* and NOs™ by leaves when both nutrients were present in
similar concentrations, despite NO3z™ being more energetically costly to absorb and assimilate than
NH4* (Guo et al. 2006),. This dual capacity to efficiently assimilate both DIN species benefits

eelgrass in meeting its growth requirements, particularly in low nutrient environments.

The influence of CO2q) on the nutrient uptake efficiency depended on the canopy density.
The study revealed that CO2q)-enriched eelgrass with a dense canopy, characterized by high LA,
exhibited lower o -values (o = V,max/Ks) compared to eelgrass with a sparse canopy,
characterized by low LAL. Increasing the LAI by three-fold effectively reduced the positive effects
of CO2(aq) ON the nutrient uptake efficiency by up to 20% likely from self-shading. The self-shading
effect led to a decline in photosynthetic activity (Enriquez and Pantoja-Reyes 2005), which in turn
limited the photosynthesis-dependent uptake of nutrients by leaves and root in the model. Despite
a 20% reduction in efficiency, Z. marina still met their growth requirements in heavily shaded

canopy due to their low N demand.

The model predicted that eelgrass required low nutrient concentrations to satisfy growth
demand under all CO2@q) and LAI conditions. This study estimated that eelgrass requires 1.2 uM
of NH4" or between 1 and 3 uM NOs" from the water column, or between 2 and 8 uM NH4* from
the sediment pool to achieve balanced growth. While these concentrations may appear high
compared to open ocean levels, they are commonly found within seagrass meadows, particularly
in the marine sediments (Touchette and Burkholder 2000a). In a typical eelgrass bed, sediment
NH4* concentrations can range from 50 to >500 uM, depending on factors such as the sediment
types, compositions, organic matter decomposition rates, microbial activities, and environmental

conditions (Dennison et al. 1987; Short 1987). These concentrations are significantly higher than
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the predicted threshold of 2-8 uM for porewater NH4*, even at the lower limit of the reported

range.

The current study suggests that root uptake of NH4* is expected to provide sufficient
support for growth. Despite the enhanced nutrient uptake efficiency induced by increased
photosynthesis in high CO2(q) environment, the regeneration of NH4" in sediment was found to be
more than adequate to meet the increased uptake rates in roots. Based on N remineralization rates
observed in various seagrass studies, the rate was found to be at least 6 to 30 times higher than the
growth N requirement, as illustrated in Fig. 15. Therefore, according to this model, Z. marina in
the field is unlikely to experience N-limitation, even in the event of water column nutrient

depletion.

Between leaves and roots, roots were by far the most important plant components in taking
up N (as NH4") across the broad range of CO2@q) and LAI simulations. For an environment with
nutrient concentrations typically encountered in the field, leaves and roots contributed roughly
equivalent to the total N assimilated in Z. marina. This prediction agrees with as the in-situ CO2(q)
concentrations increased; the model predicted that the NH4™ acquired by the roots represented the
largest proportion of N assimilated for plant growth. There was a shift in the percentage
contributions to the whole plant N by the leaves and the roots, going from roughly equal
contributions in current CO2(q) condition to a 30:70 split favoring the roots at elevated COz(ag).
This is because root NH4™ uptake is highly sensitive to Oz (Morris and John 1984) and its metabolic
activity is a photosynthesis dependent process (Smith et al. 1984). As long as sediment NH4* was
above 50 uM, roots assimilated no less than 50% of the total N in eelgrass even with adequate
NOs and NH4" in the water column to saturate growth and even when photosynthesis was severely

CO2(q) limited. This makes root activity pivotal to shoot growth and will likely play a central role
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in dictating their N acquisition strategy with rising CO2q). The heavier reliance on the root system
also makes the sediment and sediment biogeochemistry important components of N source for

eelgrass in future carbonated ocean.

Although this study focuses on Z. marina, the model can be applied to other seagrass
species with similar nutrient uptake requirements. In summary, N-limitation in Z. marina under
current or future CO> climate appears unlikely. However, it is important to note that this study
assumes a closed system for the purpose of balancing the N budget within the system. The model
does not consider the biomass loss through export beyond the meadow, which could account for
up to 30% of the seagrass net primary production (Duarte and Krause-Jensen 2017). This non-
sequestered detritus can significantly impact on nutrient availability in the sediments, where root
uptake serves as the primary source of N for eelgrass. Therefore, it is crucial to incorporate the
effects of biomass exports in future studies on nitrogen-seagrass dynamics, particularly in the

context of climate change.
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CHAPTER 5

CONCLUSION

This study provides comprehensive understanding of long-term COz@q) exposure on
Zostera marina L. with regard to nitrogen utilization and potential toxicity. While the lag response
to CO2@q) enrichment was evident, taking at least 6 weeks to manifest for some parameters, the
established overall responses were statistically linear across various log CO2@q) concentrations and
consistent with past research (Zimmerman et al. 2017). The established linear pattern is an
important predictive tool, as the impact of CO2@q) on seagrass can be extrapolated into the future
well beyond 2100. Emphasizing the importance of longer experimentation design, especially
considering seasonal patterns, this long-term CO-enrichment study, spanning over 18 months,
provided unique insights into both seasonal and tissue-specific responses of eelgrass within the
context of climate change.

Z. marina currently faces carbon limitation in today’s ocean, but stands to benefit from
increasing aqueous CO- concentrations in the future. The study revealed positive physiological
and morphological traits in eelgrass, with marked improvements in growth rates, plant size, and
leaf density. These enhancements were evident even during periods of prolonged thermal stress in
two consecutive summers, facilitated by increased sucrose accumulation in leaves and rhizomes.
The sucrose reserves in the rhizomes likely played an important role in regulating growth rates,
and led to significant doubling of the absolute growth rates and plant size in the second year of the
experiment. These results support previous model predictions that CO, can offset the negative

temperature effect and enable survival in warming ocean (Zimmerman et al. 2015). The anticipated
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global average temperature rise of 2 °C in the next 50 years is expected to have a profound impact
on eelgrass habitats, especially those living at the southern limit of their distribution, such as those
in the Chesapeake Bay. The net carbon gain resulting from rising CO2 levels holds the potential to
mitigate the adverse effects of global climate warming for these eelgrass populations.

Exploring the impact of CO2 on amino acid content, particularly during winter months,
uncovered positive effects, suggesting enhanced N assimilation under elevated CO2(q) conditions.
However, the study also observed a decrease in biomass-specific N content, attributed to dilution
effects caused by CO»-stimulated increase in carbon content in thicker leaves. This decline in
biomass-specific N content did not result from CO.-induced N-limitation, as N content increased
per unit area of leaf with increasing CO2@q) concentrations and growth rates were stimulated by
CO2(q) enrichment. Furthermore, the dissolved inorganic nitrogen in the environment was at least
twice above the minimum N threshold for growth as established by Zimmerman et al. (1987) and
by the modeling analysis performed in Chapter 4 of this dissertation, throughout the entire
experiment. Additionally, the present study predicted low N demand even at the highest CO2(aq)
conditions owing to their low specific growth rates compared to other fast growing micro- and
macroalgae (Nielsen et al. 1996; Young and Gobler 2017). Optimal growth was easily achieved as
long as water column NH4* or NOs'were maintained at 1.2 uM or 3 pM, respectively, or porewater
NH4* concentration was kept above 8 pM.

This study utilized a model to predict the N demand and uptake dynamics of Zostera
marina L. under varying CO2@q) conditions and leaf area index (LAI). The results suggested
efficient assimilation of both NHs" and NOs™ under elevated COz@q) environments. Despite
considering factors like canopy density and architecture, which can hinder N uptake and

assimilation by modulating photosynthesis and aerobic root respiration, the model predicted that
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eelgrass was unlikely to experience N-limitation, highlighting the important role of root NH4*
uptake in supporting shoot growth. Moreover, model simulations spanning a wide range of CO2(ag)
and LAI values indicated an anticipated increase in root activities going forward as atmospheric
CO- concentrations continue to escalate. These CO,-enhanced root activities, while influencing
nutrient cycling in the sediments, may extend their impact on sediment biogeochemistry by
altering the sediment redox potential through promotion of rhizosphere oxygenation (Borum et al.
2016; Li et al. 2024) and protect against sulfide toxicity.

Despite the beneficial impacts of CO2 on Z. marina documented in Chapter 2, this study
recognizes the susceptibility of seagrass to sediment eutrophication. The study explored the
intricate dynamics of CO2(q) treatment on biochemical compositions, focusing on sucrose, amino
acids and total C and N in eelgrass under four sediment types. Even though sucrose accumulated
in leaves to levels comparable to those measured in Chapter 2, the positive C reserve did not
prevent plants from N-NH4" toxicity, as hypothesized. This suggests that shoot mortality was
unrelated to the overall carbon balance.

The lack of clear and consistent CO2q) effects in nutrient enriched sediments was due to
the unanticipated overwhelming NH4" toxicity effects on eelgrass survivals, imposing limitations
on result interpretations. Acknowledging the experimental constraints, the study highlighted the
sensitivity of eelgrass to porewater DIN rather than H.S concentrations resulting from organic
carbon loading. Despite porewater H>S concentrations above levels that could elicit die-offs
(Lamers et al. 2013), H.S toxicity was not observed. In addition, this study also proposed plausible
scenarios emphasizing the roles of sediment properties in predicting the sediment chemistry and,

consequently, eelgrass survival.
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Base on the conclusion of this study, there is a clear imperative for further research into
the dynamics of sediment biogeochemistry and its influence on seagrass ecosystems, especially
within the context of climate change. The intricate interaction between COgz@q and sediment
biogeochemistry, whether synergistic or antagonistic, may give rise to complex responses in
seagrass communities. Therefore, there is a need to unravel these relationships comprehensively,
as understanding these dynamics is crucial for making accurate predictions regarding the future

health and resilience of seagrasses amidst the ongoing challenges posed by climate change.
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