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Abstract

The Mississippi River Delta (MRD) is a complex and dynamic eco-region that plays a key
role in supporting biodiversity and protecting the coast. However, the MRD is becoming
increasingly vulnerable to climate change, saltwater intrusion, and severe droughts, all of

which pose a significant threat to its ecological stability.

This study developed and applied an eco-hydrological model to analyze the combined
effects of these stressors on wetland vegetation. Specifically, it focused on the increase in
salinity during the 2022 drought and its negative impact on plant productivity. A Soil-Plant-
Atmosphere Continuum (SPAC) model, Photo3 [22] was modified to account for the effects

of salinity on plant transpiration.

Meteorological and micrometeorological data to calibrate and validate the model were ob-
tained from the United States Geological Survey (USGS) Eddy Covariance stations located
in the Barataria basin in Louisiana. Information on salinity, water level, and plant types was
sourced from the Louisiana’s Coastwide Reference Monitoring System (CRMS). This setup
enabled realistic simulations of the environmental conditions and physiological responses of
vegetation. The study focused on two species: Spartina Patens, which dominates coastal
brackish marshes, and Sagittaria Lancifolia, which is prevalent in freshwater areas not af-

fected by salt stress.

The results highlighted the crucial role of salinity as a limiting factor during the drought
in 2022. In saline areas, salinity levels largely exceeded the tolerance thresholds of Spartina
Patens, resulting in extended stress and a substantial decrease in transpiration and the car-

bon assimilation rate. Still, our modeling approach presents some limitations, including the



oversimplification of salinity effects and the exclusion of dynamic processes such as water

redistribution, submergence, and variations in groundwater.

Future research should incorporate stochastic climatic drivers, interactions between soil,
water, and salinity, and a water balance that considers groundwater dynamics. This study
offers new insights into wetland resilience and serves as a foundation for sustainable man-

agement strategies in deltaic ecosystems that are increasingly threatened by global change.
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1. Overview of the Area of Interest and Its Associ-

ated Impacts

1.1 Mississippi river delta Geographical framing

The Mississippi River, the largest river system in North America, has had a significant im-
pact on the geological history of the northern Gulf of Mexico since the Late Jurassic period.
Currently, the river discharges an average of 15,360 cubic meters of water per second and
transports approximately 621 billion kilograms of sediment annually, mainly consisting of
fine-grained clays and silts[29]. The Mississippi River Delta (MRD), known as the seventh-
largest delta globally, covers approximately 11,000 square kilometers of coastal wetlands,
representing 37% of all estuarine marshes in the United States [58].

A critical aspect to consider is the construction system of the delta, characterized by
cycles of deposition and abandonment, commonly referred to as delta switching.” This phe-
nomenon involves the river periodically altering its course, thereby generating new delta lobes
and continuously reshaping the landscape [25]. Louisiana’s coastal wetlands began forming
thousands of years ago, primarily as a result of sediment deposition from the Mississippi
River. This process was further facilitated by periodic flooding, which left nutrient-rich soils
that supported the expansion of extensive deltaic wetlands.

The MRD complex consists of six distinct sub-deltas: Mariggouin, Teche, St. Bernard,

La Fourche, Plaquemine-Balize, and Atchafalaya/Wax Lake Outlet[44](See Figure 1.1).
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Figure 1.1: The rapresentation of the six subdeltas [56]

The focus of this thesis will primarily be on the southern section of the Balize sub-delta,
known as the ”Birdfoot,” a unique feature of the modern Mississippi River Delta. Its name
derives from its distinctive shape, resembling the outstretched toes of a bird’s foot, formed
by a series of narrow distributary channels extending into the Gulf of Mexico. As illustrated
by the following figure, it has been possible to outline, for the sub-delta, four complexes
different such as West Bay (A), Cubit’s Gap (B), Baptiste, Collette (C), and Garden Island
Bay (D).
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Legenda

(7 A-West Bay Complex , 1838

o B Cubits Gap Complex , 1852

o C - Bagtite Collette Complex , 1874
(7 0 - Gardon land Bay Complex , 1891

Figure 1.2: Index map showing the different complexes of the modern Mississippi River

Delta (MRD) in southeastern Louisiana. Dates indicate the year of crevasse opening

During the progradation phase, the growth of sub-deltas initiates with the formation of
crevasses, although the rate of growth is not constant. Due to the uneven distribution of
coarse sediments, which primarily settle near the initial breach, finer sediments are trans-
ported further into the bay, creating a platform that encourages subsequent progradation and
channel development. After approximately 10-15 years, the main channels are established,
and a well-organized bifurcation system emerges. Only after the establishment of a well-
structured channel system (see Figure 1.3) that facilitates sediment transport does subaerial
growth accelerate, leading to the proliferation of marsh vegetation, which provides a protec-

tive layer over the underlying deposits[62].
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Figure 1.3: Channel system [6]

Despite the loss of emergent land, the total sediment volume within each complex has
increased due to subsidence. With an average subsidence rate of 1.5 cm per year and an es-
timated sub-delta lifespan of 150 years, subsidence may reach around 2.25 meters over the
life of the sub-delta. Consequently, while sedimentation does not fully offset subsidence,
it continues to fill the sub-delta basins, which would otherwise revert to open water areas.
Eventually, when the marsh surface can no longer sustain its growth rate relative to degrada-
tion processes, the marsh vegetation becomes submerged, resulting in the formation of small
lakes and bays. [62].

However, human intervention has drastically altered these natural processes. The con-
struction of levees and dams has diminished the volume of sediment reaching the delta,
undermining its ability to regenerate and maintain its size. These changes have led to a

significant loss of territory. The wetlands, which are essential for biodiversity and coastal
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protection, have experienced erosion and degradation. It is estimated that Louisiana has lost
over 4,833 square kilometers [10] of wetlands in recent decades, representing approximately
80% of the total wetland loss in the United States. This erosion not only poses a threat to the
ecosystem but also has direct repercussions on the local economy and the quality of life for
the communities that inhabit the region [25].

The analysis conducted by [49] indicates that, without any restoration efforts, an addi-
tional 2,254 square kilometers of land could be lost over the next 50 years under the moderate

environmental scenario. This represents a striking 36% of the total coastal area.

20 Miles

40 Kilometers

Figure 1.4: Land change: land gain (green), land loss (red)[49].
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1.2 Coastal Wetland

Wetlands are unique ecosystems located at the interface between terrestrial and aquatic sys-

tems, characterized by the presence of:

* Water, which may be present on the surface or within the root zone for significant

periods of the growing season.

 Specific soil conditions, such as saturated or hydromorphic soils that differ from the

surrounding environments.

* Adapted biota, including hydrophilic vegetation and the absence of organisms intoler-

ant to flooding.

These ecosystems play a crucial role as ecotones (transition zones), sources, sinks, and trans-
formers of nutrients, contributing to stabilizing water resources, protecting shorelines, puri-
fying water, and providing habitats for a wide range of biodiversity.

As the Mississippi River approaches its final stretch before entering the Gulf of Mexico
in southeastern Louisiana, it transitions into one of the most wetland-rich areas globally.
This region encompasses over 36,000 km? of marshes, swamps, and shallow coastal lakes.
As the river’s distributaries extend toward the sea, forested wetlands gradually transition
into freshwater marshes and ultimately into salt marshes. These salt marshes are among the
largest and most productive in the United States, benefiting from the upstream flow of fresh
water, nutrients, sediments, and organic material from swamps. However, both freshwater
and saltwater wetlands in coastal Louisiana have been shrinking at an alarming rate, with a
total loss of 4,800 km? since the 1930s and annual rates of 60—100 km? per year. This decline
is attributed to both natural and human-induced factors, with the primary cause being the
disconnection of the river from its delta. Another notable wetland region in the delta is the

Barataria Bay estuary in Louisiana. This interdistributary basin, now separated from the river
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by flood-control levees, spans 6,500 km? and contains approximately 700 km? of wetlands,
including cypress-tupelo swamps, bottomland hardwood forests, marshes, and shallow lakes
[39].

Coastal wetlands are shaped by the interplay between tidal flooding and oceanic pro-
cesses. Near the coastline, water salinity resembles that of the ocean, while further inland,
tidal effects persist even as salinity approaches freshwater levels. Coastal wetlands encom-
pass tidal salt marshes, tidal freshwater wetlands, and mangrove swamps. Tidal freshwater
wetlands are typically found upstream in areas where salinity is below 0.5 ppt, while salt
marshes and mangroves thrive downstream in polyhaline and mesohaline estuarine waters
with salinity levels exceeding 5 ppt. Coastal wetlands are situated along gradients of decreas-

ing salinity from the ocean toward inland areas [39].

Limit of tidal
influence

Figure 1.5: Coastal Wetlands lie on gradients of decreasing salinity from inland to the ocean

[39].

This research focuses primarily on salt marshes, which are distributed globally along

protected coastlines in mid- and high-latitude regions. Salt marsh ecosystems are largely
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detritus-based, supporting diverse fauna that depend on detrital productivity either directly or
indirectly. Grazing accounts for a small portion of marsh grass productivity [39].

The formation and extent of salt marshes within their geographical range are determined
by factors such as tides, sediment availability, freshwater inputs, and shoreline configuration.
Most salt marshes are intertidal, meaning they are periodically submerged by high tides but
remain exposed during low tides. Gentle shoreline slopes, rather than steep ones, facilitate
tidal flooding and vegetation stability. Protection from wave and storm energy is also crucial
for their development. The sediments that form salt marshes originate from upland runoff,
marine reworking of coastal shelf materials, or organic matter produced within the marsh
[39].

Salt marshes typically extend inland to the highest tide line, between mean high water
and the peak of spring tides. They are often divided into two zones: the upper or high
marsh, which is irregularly flooded and exposed to the atmosphere for at least 10 consecutive
days, and the lower or intertidal marsh, which is flooded almost daily and rarely exposed for
more than 9 days. In areas with large tidal ranges, salt marsh salinity often reflects marine
conditions despite significant rainfall[39].

In regions adjacent to major rivers, freshwater inputs dilute marine salinity, resulting in
brackish or even freshwater marshes. Extreme salinity conditions, however, can occur in
subtropical regions like the Texas Gulf Coast, where limited freshwater input and narrow
tidal ranges lead to reduced flushing. As a result, evaporation concentrates marine water,
sometimes doubling salinity levels compared to seawater. Lateral salinity gradients, shaped
by flooding frequency, influence vegetation productivity[39].

As marsh elevation increases, flooding frequency decreases, and finer sediments retain
water poorly. In salt flat zones, spring tides bring saltwater that is concentrated through evap-
oration. Insufficient flushing allows salts to accumulate to toxic levels. At higher elevations,
tidal flooding is rare, and rainwater flushing prevents salt buildup. These interactions be-

tween marsh elevation, tides, and precipitation create salinity gradients that shape vegetation
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zonation and productivity. However, within the salt marsh itself, all plants are salt-tolerant,
making it insufficient to attribute plant zonation and productivity solely to salinity. Salin-
ity is the result of various hydrodynamic factors, including slope, elevation, tides, rainfall,
freshwater inputs, and groundwater flow. For example, Spartina thrives in the intertidal zone,
where tides reduce salinity, remove toxins, supply nutrients, and alleviate soil anoxia. These
combined factors lead to variations in productivity and growth forms between the intertidal

and high marsh zones[39].

1.2.1 Vegetation in the Bird-foot

As demonstrated by the data collected from the Coastwide Reference Monitoring System
(CRMYS), the vegetation along the Birdfoot Delta has experienced significant changes over
the analysis period from 2007 to 2023, largely due to the increasing stress factors affecting
plant health (refer to Section 1.2). The vegetation plays a critical role in coastal wetlands;
indeed, the vulnerability of the ecosystem is closely linked to the tolerance and response of

plant species to major stressors such as flooding and salinity [60].
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Figure 1.6: Herbaceous Marsh Vegetation Data; site CRMS2608 [50]
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By examining the multiple vegetation types recorded across all stations, it becomes ap-

parent that the two dominant species are: Phragmites australis and Sagittaria lancifolia.

(a) (b)

Figure 1.7: (a)Phragmites australis,(b)Sagittaria lancifolia[50].

Phragmites australis, commonly known as the common reed, is a flowering plant in the
Poaceae family. It serves as a transitional species between aquatic and terrestrial ecosys-
tems, thriving in wetlands and swamps. This species is globally recognized for its ecological
importance, environmental resilience, and tolerance to salinity. Its growing season is ex-
tended in subtropical and mild temperate regions, allowing the plant to adapt to fluctuations
in temperature, soil nutrients, and oxygen availability, particularly in wetland environments.
Physiological traits, such as transpiration rates, also adjust to seasonal changes.[16].

Regardless of location, P. australis provides food and habitat for various organisms and
helps stabilize soils against erosion. Additionally, its biological characteristics make it ef-
fective as a biological filter for pollutants. Compared to other emergent aquatic plants, P.
australis features annual cane-like stems that can grow up to 6 meters high, with diameters
ranging from 4 to 10 mm and internodes measuring 10 to 25 cm. It possesses an extensive rhi-
zome system, with both horizontal and vertical components. Horizontal rhizomes contribute

to the expansion of the clone, while vertical rhizomes produce the annual upright stems[30].
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Sagittaria lancifolia L, commonly known as duck potato, is a native North American
wetland plant species. It grows in inland and coastal freshwater marshes, around margins of
lakes and ponds, and along rivers and streams. It is highly adaptable to a wide range of water
conditions, making it an ideal candidate for restoring degraded aquatic habitats [20].

Sagittaria lancifolia L., commonly known as duck potato, is a native North American
wetland plant that thrives in freshwater marshes, lakes, and riverbanks. It is highly adaptable
to various water conditions, making it suitable for restoring degraded aquatic habitats. The
plant features arrow-shaped leaves that can range from 5 to 40 cm in length and 2 to 25 cm
in width. It produces small, white, three-petaled flowers on erect stalks and reproduces both
sexually through seeds and asexually via rhizomes, allowing for rapid colonization. [20].

Sagittaria lancifolia provides essential habitat and food for wildlife, including waterfowl
and invertebrates, while its dense growth enhances wetland biodiversity. It is commonly
used in environmental restoration projects for its ability to stabilize soil, reduce erosion, and

improve water quality. [20].

1.3 Saltwater Intrusion in the Mississippi River Delta: Im-
pacts of Drought Conditions

The Mississippi River Delta, as a coastal ecosystem, is naturally subject to spatial and tempo-
ral variations in salinity, referred to as primary salinization. These variations are influenced
by the geographical location of the delta and the continuous exchanges between terrestrial
and oceanic environments. The spatial factors that determine salinity primarily include the
distance from salt sources, such as proximity to the coast. Temporal variations can occur
on short scales (hours) or extended scales (years). Climatic conditions, including tempera-
ture, precipitation, and wind regimes, interact with salt deposition, significantly influencing
salinity over time and shaping plant responses to such salinity, often more so than other en-

vironmental factors [35].
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In addition to primary salinization, the Mississippi Delta faces secondary salinization,
which refers to the increase in salt concentration due to human intervention [35]. Activities
such as oil and gas extraction directly impact wetlands, contributing to habitat loss through
the creation of transport channels and the installation of pipelines. These channels disrupt the
natural flow of water, increasing the risk of flooding and reducing sediment deposition, thus
facilitating the intrusion of saline water into areas previously dominated by freshwater [42].

Saltwater intrusion occurs when seawater slowly rises along freshwater systems, such
as rivers and aquifers. Typically, the underground layers beneath the land are filled with
freshwater, while the soil beneath the oceans contains saltwater. When these layers meet, a
pressure differential develops between the freshwater and saltwater. Since saltwater is denser,
it tends to move inland, gradually invading freshwater systems. This process is accelerated
by reductions in freshwater levels, often caused by drought or excessive exploitation of water
resources [35].

In recent years, climate change has amplified the factors contributing to rising salinity in
the Delta. Between 2022 and 2023, the region experienced severe droughts, characterized by
exceptionally low river flows, allowing saltwater to rise up the river to New Orleans. This
drought fits into a long-term trend of progressively decreasing annual minimum water levels
in the lower river, a phenomenon that has intensified over the past century [27].

There are two main causes of this decline in water levels. First, the construction of dams,
locks, and levees for flood control, initiated in the 1930s, has progressively blocked an in-
creasing portion of the river’s flow upstream, reducing the natural variability of the hydrolog-
ical regime and exacerbating low flow conditions. Second, higher atmospheric temperatures
increase evaporation, contributing both to drought and more intense precipitation. Histor-
ical river records from North America indicate that approximately 1,000 years ago, higher
temperatures resulted in much more variable precipitation patterns, with prolonged drought
periods alternating with extreme flooding, conditions similar to those observed today in the

lower Mississippi [27].
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The lack of significant precipitation has led to a drastic reduction in the river’s volume,
which reached record low levels in 2022. Concurrently, chronic relative sea-level rise, exacer-
bated by subsidence, results in more frequent and prolonged flooding of wetland areas. These
combined factors create a favorable environment for saltwater intrusion. Without the normal
river flow to counteract the saltwater flowing from the Gulf of Mexico, the latter slowly rises
along the riverbed, forming a "wedge” of saltwater that, as it advances, contaminates internal
aquifers, polluting the water systems of local communities [15].

The consequences of these processes are devastating for vegetation. Marsh plants are
adapted to living in freshwater or low-salinity environments and have limited tolerance for
salinity changes. The sudden increase in salinity, due to drought and rising sea levels, under-
mines their ability to absorb water and nutrients, causing water stress and, in the long term,
plant death [17].

The decline of vegetation leads to the loss of vital ecological functions for the delta, such
as soil stabilization and erosion protection. In the absence of vegetation, wetland areas are
more vulnerable to coastal erosion and saltwater intrusion, accelerating the degradation of
delta ecosystems and reducing the entire system’s capacity to adapt to future extreme events.
This degradation compromises the resilience of wetlands, making them more susceptible to

future episodes of decline and loss of biodiversity [17].

1.4 Effects of salt stress on the plant

High saline concentrations impose severe osmotic and ionic stress at both cellular and sys-

temic levels. Plants respond to salt stress in two phases:
1. A rapid, osmotic phase that inhibits the growth of leaf shoots;
2. A slower, ionic phase that accelerates senescence in mature leaves.

To tolerate the presence of salt, plants employ various interconnected strategies [65],[8]:
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1. Tolerance to osmotic stress (homeostasis maintenance);
2. Mechanisms of exclusion of Na+ and Cl- ions from tissues;

3. Detoxification of cellular Na+ and Cl- accumulation.

Genetic variability enables plants to respond differently to increasing salt stress. The physio-

logical, morphological, and molecular mechanisms that plants adopt in response to salt stress

are often similar. As reported by [65], halophytes’ salt tolerance mechanisms are similar

to those found in glycophytes, but small differences in their regulation result in significant

variations in salt tolerance or sensitivity. However, prolonged exposure leads to growth inhi-

bition and molecular damage, which, depending on the plant’s salt sensitivity, can result in

irreversible cellular damage and ultimately, death.
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Figure 1.8: Schematic summary of the stresses to which plants are subjected under high-

salinity growing conditions and the corresponding responses that plants enact to survive these

damaging effects [43].
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1.4.1 Morphological and physiological aspetcts

Water potential refers to the potential energy of water per unit volume relative to pure water
under reference conditions. It quantifies the tendency of water to move toward a region with
the most negative osmotic potential.

The total water potential y;,, is given by the sum of the contributions of osmotic potential

Wy, piezometric potential y,, and matrix potential y;.[47]

Viot = ¥s + Vi + Wz (1.1)

Osmotic potential, or solute potential, is generated by osmotic pressure, the force with
which a solute binds water. Water in soil is never in a pure state but instead exists as a
solution, where dissolved molecules and ions exert electrostatic forces on water molecules,
reducing their activity. Osmotic pressure is always negative.

Under normal conditions, water potential drives water from the soil into the roots and
through the conducting tissues to the leaves, where it is released as vapor. Osmotic stress in-
duced by salt acts quickly when the ionic concentration outside the roots exceeds that inside.
This stress can lead to rapid changes in root tip expansion, leaf growth, stomatal aperture,
stomatal density and area, gas exchange, and photosynthetic activity [41].

An increase in soil salinity causes a decrease in water potential, driving water out of the
roots toward the hypertonic medium. The resulting loss of turgor is temporary, as the plant
can restore turgor by increasing the production of osmoprotectant solutes in the apoplast. Os-
moprotectants are compounds involved in osmoregulation during salt stress and help mitigate
the effects of salt in several ways. When ion concentrations rise, osmoprotectants balance the
osmotic imbalance that forms in the intracellular space.

In addition to the ion concentration in the apoplast, salt is also excluded from the cell
interior. This accumulation in intercellular spaces creates an osmotic potential across the

cell wall and membrane. In response to high apoplastic concentrations, compatible solutes
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are accumulated in the cytoplasm to prevent cellular dehydration. Besides their role in os-
motic adjustment, many compatible solutes, such as mannitol, trehalose, proline, and glycine
betaine, have been shown to function as scavengers of reactive oxygen species (ROS).

Regulation of Leaf Area

Regulating leaf area is a crucial plant response to minimize the transpiring surface, thereby
preserving turgor in the mesophyll cells and preventing the upward transport of high ion con-
centrations from the roots. Various mechanisms contribute to reduced leaf expansion and
overall plant growth. The decrease in leaf growth is likely controlled by long-distance signals
originating from the roots, which are transmitted in the form of hormones or their precursors.

Abscisic acid (ABA) plays a pivotal role in root-to-shoot communication and likely in-
fluences both growth and stomatal conductance [41]. The reduction in leaf growth may be
attributed to the accumulation of cytoplasmic solutes, which help maintain osmotic balance
in high-salinity conditions.

A less pronounced response to osmotic stress could lead to increased leaf expansion and
stomatal conductance, but this would be advantageous only in plants with sufficient water
availability.

Inhibition of Growth

Salt stress, like many other abiotic stresses, inhibits development. Plant growth responds

to salinity in two phases related to the time [41]:

* a rapid response to the increase in external osmotic pressure. In the osmotic phase
which starts immediately after the salt concentration around the roots increases to a

threshold level (40mM NaCl), the rate of shoot growth falls significantly.

* aslower response due to the accumulation of Na+ in leaves. The second, ion-specific,
phase starts when salt accumulates to toxic concentrations in the old leaves and they
die. If the rate at which they die is greater than the rate at which new leaves are pro-

duced, the photosynthetic capacity of the plant will no longer be able to supply the
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carbohydrate requirement of the young leaves, which further reduces their growth rate.

These responses vary strongly among genotypes, salinity levels, soil, and other abiotic fac-

tors.
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Figure 1.9: The growth response to salinity stress occurs in two phases: a rapid response
to the increase in external osmotic pressure (the osmotic phase), and a slower response due
to the accumulation of Na+ in leaves (the ionic phase). The solid green line represents the
change in the growth rate after the addition of NaCl. (a) The broken green line represents
the hypothetical response of a plant with an increased tolerance to the osmotic component of
salinity stress. (b) The broken red line represents the response of a plant with an increased
tolerance to the ionic component of salinity stress (based on Reference 93). (c) The green
and red line represents the response of a plant with increased tolerance to both the osmotic

and ionic components of salinity stress.[41]

Osmotic Control

The most significant damage to salt-stressed plants arises from water loss due to in-
adequate stomatal closure. Regulating transpiration through stomatal control is crucial in
high-salinity environments. Salt stress increases abscisic acid (ABA) production in the roots,

which, once transported to the leaves, reduces transpiration within hours [18].
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Salt-tolerant species, particularly halophytes, exhibit lower water loss and reduced tran-
spiration than glycophytes. Decreasing stomatal aperture helps limit water loss and slows
the movement of ions from roots to shoots during salt exposure, serving as a defense against
dehydration [41].

Photosynthesis and Stomatal Conductance

Stomata are tiny pores on leaves responsible for regulating gas exchange, permitting car-
bon dioxide intake for photosynthesis while releasing oxygen and water vapor. Stomatal
conductance refers to how easily gases move through these pores.

Salinity impacts stomatal conductance quickly—first by disrupting water balance, fol-
lowed by the synthesis of abscisic acid (ABA), which signals stomatal closure to reduce
transpiration within hours [19]. This leads to lower carbon dioxide levels and a reduced pho-
tosynthetic rate. However, despite reduced gas exchange, photosynthesis per leaf area often
remains stable due to structural changes, such as smaller leaves with a higher chloroplast
density [41].

The mechanisms that allow the exclusion of ions at high concentrations include:

* Plants compartmentalize Na+ into the vacuoles of most tissues so as to reduce the toxic
concentration of Na™ in the cytosol [28], allowing the plant to continue its metabolic

and enzymatic functions until the vacuole reaches saturation.

* The exclusion of salt from the cytoplasm. During salt stress, the cell activates H™ —
ATPase pumps, which generate the proton energy needed to activate the H /Na™ an-
tiport pumps. This process allows the transport of Na™ out of the cell and maintains a

low concentration of Na™ inside the cell [14].

* The development of salt glands, specialized epidermal trichomes, which sequester salt

from metabolically active tissue.

A failure or reduced function of the aforementioned mechanisms would result in the ac-

cumulation of high levels of Na™ in the cytoplasm. This would lead to the inhibition of

28



various enzymes and, consequently, to disruptions in cellular metabolic activities. Therefore,
the entry of sodium ions into the cell must always be minimized or avoided. An important
goal in studying salt tolerance is to determine which transporters are involved in the entry
of Na™ into the cell. The main gene implicated in Na™ transport in plants is SOS1, which

encodes for an Na* /H™ antiporter located on the plasma membrane [41].
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Figure 1.10: Thermodynamics and mechanisms of Nat and CI~ transport at the soil-root
and stelar cell-xylem vessel interfaces in roots. The proposed mechanisms of passive and
active Na™ and CI~ transport at the two interfaces, are mediated by ion channels and carriers
(uniporters and H ' -coupled antiporters and symporters). Abbreviations: SOSI, salt overly

sensitive mutant 1; HKT, high-affinity K™ transporter [41].

The last strategy is the Detoxification of salt accumulation . Ionic toxicity affects tissues

more slowly compared to the onset of osmotic disturbances. In tissues, tolerance to the accu-
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mulation of Na™, or in some cases CI~, depends on genetic traits in responding to increased
intracellular ions when compartmentalization mechanisms lose their effectiveness.

When extrusion and compartmentalization mechanisms fail, intracellular levels of Na™
and CI~ reach high concentrations, especially in the mesophyll of leaf cells. Toxicity grad-
ually increases over time, first affecting older leaves and then younger ones. High saline
concentrations cause damage to cellular structures, inhibit enzymatic activities, and disrupt
both nutrient uptake and photosynthetic activity.

Many of these disturbances are associated with the generation of reactive oxygen species
(ROS), which can signal and/or exacerbate physiological stress. To protect themselves from
the toxic effects of ions, plants respond with the synthesis of proteins, organic acids or bases,
and osmolytes (such as proline) that, in addition to providing osmotic protection, also have

detoxifying actions [32].

1.5 Different Drivers and Effects of Hydraulic Stress on
Plants

Plants experience different types of hydraulic stress depending on environmental conditions
and soil water availability. A clear distinction exists between terrestrial forests and tidal
wetlands in terms of the limiting factors affecting water uptake and the adaptive strategies
employed by plants. In terrestrial forests, hydraulic stress is primarily driven by soil water

availability, whereas in tidal wetlands, it is governed by salinity.
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Figure 1.11: Hydrologically driven versus salinity-driven hydraulic stress. Conceptual repre-

sentation of water stress in terrestrial (a) and tidal (b) forests [48].

In terrestrial forests, hydraulic stress is regulated by soil moisture availability (hydrologically-
driven hydraulic stress). These ecosystems are typically characterized by unsaturated soils,
where water content fluctuates based on precipitation patterns and the substrate’s water re-
tention capacity.

Plant transpiration is constrained by soil water scarcity, leading to a reduction in stomatal
conductance. Under extreme drought conditions, stomatal closure prevents excessive water
loss. Soil evaporation is also limited by water availability, decreasing during prolonged dry
periods. The soil water potential (W) is predominantly negative, as water is retained within
the soil matrix by adhesion and cohesion forces (matric potential dominance). The osmotic
potential (W) is negligible since salinity levels in terrestrial forest soils are typically low.

The intensity and duration of drought determine the severity of these effects. Addition-

ally, the nutrients needed for plant growth and biomass production generally come from the
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internal cycle of stored materials, which requires water for solubilization and translocation. In
drought conditions, nutrient absorption decreases because the reduction in soil water potential
slows the diffusion rate of nutrients from the soil matrix to the roots. A low transpiration rate
and compromised active transport, due to reduced available energy and altered membrane
permeability, further limit nutrient absorption by the roots[1].

Water stress can have similar aspects to Salinity stress in plant growth, except for the
addition of ion cytotoxicity, which appears with salt excess in soil [43].The plant responses
to water stress are different between the species, and also depends of the time exposition. In
the table below could be observed the plant response to salinity,as a water stress, at different

time scales [40].

Table 1.1: Plant response to salinity at different time scales. The effects on a salt-tolerant

plant are basically identical to those due to soil water deficit [40].

Time Water stress effects Salt-specific effects
(Observed effect on growth of a salt- | (Additional effects on growth of a salt-

tolerant plant) sensitive plant)
Minutes | Instant reduction in leaf and root elonga-

tion rate then rapid partial recovery

Hours Steady but reduced rate of leaf and root

elongation

Days Leaf growth more affected than root | Injury visible in oldest leaf

growth; Reduced rate of leaf emergence

Weeks Reduced final leaf size and/or number of | Death of older leaves

lateral shoots

Months | Altered flowering time, reduced seed pro- | Younger leaves dead, plant may die before

duction seed matures

Photosynthesis is particularly sensitive to drought. The reduction in leaf size and number,
stomatal closure, impaired carboxylation enzyme activity, altered ATP synthesis, and damage

to the photosynthetic apparatus significantly reduce carbon fixation. The effects of drought on
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photosynthesis can be divided into stomatal and non-stomatal limitations. Stomatal closure
is one of the primary responses to drought, limiting water loss but also reducing CO2 intake.
Reduced stomatal size is the main factor limiting photosynthesis under mild to moderate
drought stress, while reduced water potential and loss of turgor decrease stomatal opening.
Additionally, alterations in essential enzymes, photosynthetic pigments, ATP synthesis, and
oxidative stress cause non-stomatal limitations to carbon fixation [1].

Finally, when plants under drought stress are exposed to high radiation, the overproduc-
tion of reactive oxygen species (ROS) can lead to photoinhibition. All abiotic stresses, in-
cluding drought, lead to increased oxidative stress with an overproduction of ROS, which are
highly toxic molecules that damage proteins, lipids, carbohydrates, and DNA. Under these
conditions, water deficit stimulates the production of abscisic acid (ABA), which reduces

stomatal conductance to limit water loss through transpiration [1].

Wetlands exhibit a fundamentally different hydrological context compared to terrestrial
ecosystems. Here, hydraulic stress is driven by salinity (salinity-driven hydraulic stress), as
the soil remains constantly saturated but with a high salt concentration. Moreover, during
extreme drought periods, surface water becomes even more saline. This occurs because the
freshwater body is unable to counterbalance lateral water fluxes, leading to a further increase
in soil salinity levels. Transpiration is limited by high salinity, as the presence of NaCl lowers
the osmotic potential of soil water, making it less available for root uptake. Evaporation is in-
fluenced by the presence of surface water, which contributes to increased soil salinity through
free-surface evaporation and salt deposition. The osmotic potential (') is strongly negative,
due to the high salt concentration. This creates a steep osmotic gradient between the soil and
plant roots, requiring plants to develop strategies for salt tolerance or exclusion to survive.
The matric potential (W) is close to zero, as the soil is water-saturated, meaning there is
no significant tension within the soil matrix. To cope with these conditions, wetland plants

have evolved specific salt-exclusion mechanisms at the root level, as discussed previously.
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However, these adaptations can further amplify hydraulic stress, as they restrict water uptake
while managing ion toxicity, ultimately shaping the physiological and ecological responses

of these plant communities.

While in terrestrial forests water scarcity is the primary limiting factor, in tidal wetlands
the main challenge is the presence of water that is too saline to be readily utilized by plants.
The difference between these two types of hydraulic stress is reflected in the distinct mecha-

nisms plants employ to regulate water uptake:

Table 1.2: Comparison of hydraulic stress in terrestrial forests and tidal wetlands

Characteristic Terrestrial Forests | Tidal Wetlands (Salinity-
(Hydraulically-driven driven stress)
stress)
Water Availability Limited by soil moisture High, but reduced by salinity
Dominant Potential Matric (y; < 0) Osmotic (yr < 0)
Limitation to Transpiration | Soil water scarcity High soil water salinity
Adaptation Strategies Stomatal regulation, deep | Salt exclusion, accumulation
root growth of compatible solutes, salt ex-
cretion

This distinction is crucial for understanding the physiological responses of plants in dif-
ferent environments and for accurately modeling water dynamics and productivity in both

terrestrial and tidal forests.

1.6 Soil-Plant-Atmosphere Continuum (SPAC)

The Soil-Plant-Atmosphere Continuum (SPAC) is a framework that illustrates the flow of

water from the soil, through plants, and into the atmosphere. Understanding this continuum
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is essential for grasping how plants maintain hydration and overall health, as it encompasses
various physiological processes and environmental factors. For a more detailed view of water

flow, refer to Appendix A.

* Soil: In the soil, water is retained in the spaces between soil particles, influenced by
factors such as texture, structure, and moisture content. The amount of available water
in the soil plays a crucial role in determining both plant growth and rates of transpira-

tion [59].

* Plant: Water absorption takes place through the roots and moves through the plant’s
vascular system, specifically the xylem. This movement is primarily driven by capillary
action and osmotic potential. During transpiration, plants lose water vapor through
stomata, which generates a negative pressure that aids in the upward movement of

water from the roots to the leaves [59].

» Atmosphere: The concluding phase of this continuum involves the evaporation of water
from the leaf surfaces into the atmosphere. Factors such as temperature, humidity,
and wind speed significantly affect the rates of transpiration and evaporation, thereby

influencing the overall water balance[59].
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Figure 1.12: Water Flow in the Soil-Plant-Atmosphere Continuum (SPAC)

Plants play a vital role in ecohydrological processes. They are not only the primary conduits
for transferring water from the soil to the atmosphere but also rely on water to carry out pho-
tosynthesis, maintain turgor pressure, and support growth [2]. The balance of water within
plants is a complex interplay of various physiological and physical mechanisms, encompass-
ing everything from water presence in the soil to its eventual loss through transpiration.

Water movement in the Soil-Plant-Atmosphere Continuum occurs along a gradient of
decreasing water potential. SPAC provides a framework for interpreting water balance using
both physical and physiological models, demonstrating how the soil, plant, and atmosphere
interact in a cohesive flow.

To simplify the mathematical representation, the water movement within SPAC can be
modeled as a series of steady states between compartments where water is in local ther-
modynamic equilibrium. With these assumptions, the flow of water is treated as a current
traversing a network of nodes connected by resistors. Each node represents a specific wa-
ter potential, and the transport of water between them is dictated by the gradients of water

potential, proportional to their resistances (or inversely, their conductances) [2].
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Previous analyses have shown that salinity influences plant-water interactions in two pri-
mary phases: the osmotic phase and the ionic phase. The osmotic phase occurs almost im-
mediately (within minutes to hours) [40] following an increase in salt concentration at the
root level. As salt concentration rises, it reduces the water potential in the soil, making it
more challenging for plants to absorb water. This leads to a gradual decline in stomatal
conductance and a swift inhibition of growth in young leaves.

Osmotic stress has a more immediate and pronounced effect on transpiration and growth
compared to ionic stress, which primarily impacts older leaves, leading to senescence and a
reduction in photosynthesis [41].

To cope with both osmotic and ionic stress, plants have developed various strategies and
adaptations collectively referred to as osmoregulation. These adaptations contribute to a
plant’s salt tolerance, defining how salinity affects its water interactions, growth, and overall
health. Salt tolerance varies significantly among species and results from a combination of
diverse adaptations to osmotic and ionic stress that operate across different temporal scales
[45].

Estimating water pathways is a complex endeavor that involves multiple compartments
soil, plant, and atmosphere and requires precise characterization of water dynamics in an
anisotropic medium under variable external influences. This complexity is further height-
ened for intertidal species, which experience unique environmental conditions such as high
salinity, tidal fluctuations, and alternating waterlogged and unsaturated soil conditions, often
unrepresented in standard models [47].

Moreover, gathering environmental data in tidal settings presents additional challenges,
leading to a lack of extensive datasets necessary for model validation. The parameterization
and validation of ecohydrological models demand comprehensive experimental data, which
are often unavailable for these salt-tolerant ecosystems [47].

To address these challenges, three zero-dimensional models (i.e., single-layer models

without time dependency) have been created to capture the complex effects of salinity on
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plant-water relations at the plant scale. These models are presented in increasing order of
difficulty and complexity (Figure 1.11). The results concerning transpiration rates (7;) were
derived from various stationary salt concentrations, along with fixed environmental and soil

conditions, focusing on short- to medium-term exposure to salinity.

Atmosphere

Atmosphel;}e\ wd G
g " (1 _ E) Lea’; : f‘ Carbon source
Leaf ’ Yio¥s N v~ (Leaf)
.
w,, W
i Phloem
9, E
9, i F,
lpx,lpv(l - €)Root v
Root
“Carbon sink
: (Root)
g, 9 = il
i Soil :
Soil .
&€
Yoy, Vo ¥s
(a) (b) (©)

Figure 1.13: Conceptual representation of the SPAC with soil salinity dependence. (a)SPAC
model with salinity limiting function, without capacitance[47]; (b)SPAC model with os-

moregulation[45]; (¢c) Xylem—phloem hydraulic coupling[46].

1.6.1 SPAC model with salinity limiting function

The model proposed by [47] is a straightforward soil-plant-atmosphere continuum model,
aimed at offering a conceptual one-dimensional view of how water transfers from the soil to
the atmosphere through vegetation.

This model primarily focuses on replicating the mechanisms of salt tolerance, particularly
concerning salt filtration at the root level. It does not account for secondary water-saving
strategies, such as regulating leaf temperature or non-stomatal uptake of CO,. The model
evaluates plant transpiration using a macroscopic approach, analyzing the water flux from

the soil to the plant, from the plant to the leaves, and the leaves to the atmosphere, along with
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the leaf energy balance. According to the continuity principle of water potential, the total
transpiration must equal these three water fluxes. Since the model excludes any storage term,
the continuity assumption results in a constant water flux, which remains uniform across all
plant compartments [47] (Figure 1.11 (a)).

Stomatal conductance is also influenced by the salinity of the soil pore water, indepen-
dent of other conditions. Specifically, salinity leads to an initial increase in conductance
as the concentration transitions from O (freshwater) to an optimal value (mg), after which
stomatal conductance declines for salinity levels exceeding mg. The reduction in stomatal
conductance at sub-optimal salinity is likely due to turgor loss, particularly in older leaves,
while supra-optimal salinity introduces significant abiotic stress. Similar to conditions of
water stress, the decrease in stomatal opening serves as a water-conserving measure. Ad-
ditionally, g; may decline due to reduced turgor or changes in cell wall elasticity resulting
from high ion concentrations in the apoplastic water. In this model, the relationship between
stomatal conductance and salt concentration is partly represented through its dependence on

salt concentration, as depicted in the modified Jarvis equation f,;:

ai+bim perm < my
f(m) = (1.2)

a, —bym per m > my

where :

* my is equal to 150 mol/m?>;

* ay,az,by and b, are the function parameters

Salt concentration has been shown to impact transpiration rates. Specifically, as salinity
increases from zero (freshwater) to an intermediate critical threshold, transpiration initially
rises. However, once salinity surpasses this threshold, transpiration begins to decline. This
phenomenon arises from the combined effects of salinity on macroscopic water balances.

Nevertheless, this simplified model does not consider small-scale dynamics such as ion

balance and osmoregulation within the plant, which could significantly influence the overall
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response to salinity. These internal mechanisms play a crucial role in modulating how plants
manage water loss and maintain physiological functions under saline conditions.
This model thus represents a starting point for the next [45], which takes into account the

adjustment of internal water potential in response to salt stress.

1.6.2 SPAC model with osmoregulation

The model presented by [45] is a streamlined soil-plant-atmosphere continuum (SPAC) that
differs from its predecessor by incorporating both salt exclusion at the root level and os-
moregulation. This model emphasizes the scale of osmoregulation, which involves phases
of passive dehydration and active osmotic adjustment. It demonstrates that the direct water
flux modifications employed by salt-tolerant species can account for the observed peak in
transpiration.

This updated model [45], an advancement over the previous version [47], is divided into
six primary compartments: (a) soil, (b) root, (c) connection (the intermediate section of the
plant), (d) leaf, (e) atmosphere, and (f) the osmoregulation compartment (mid-plant storage;
refer to the diagram in Figure 1.11 (b)).

Stomatal conductance is modeled using Jarvis’ equation, which does not introduce any
limiting function equation to account for salinity effects as previously done in [47].

In the osmoregulation component of the model, the salt concentration, denoted as C,,,
is treated as a constant parameter within the soil-plant-atmosphere continuum (SPAC). This
value represents the storage potential that enables the plant to optimize its water usage and
counteract a specific gradient of salt concentration between the interior and exterior of the
plant. When external salinity levels approach C,,, an isotonic symplastic solution is estab-
lished, resulting in no storage flux. However, any variation leads to a disparity in water
potential between the plant and the storage, which is balanced by the storage flow Q,, or

by adjusting the plant’s water uptake [45]. C

T.max Lhe elements that influence Cr, ;. have

been examined through a series of approximations that enhance the analytical feasibility of
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the problem. This simplified model enables the derivation of an analytical expression for the
optimal concentration as a function of various environmental, morphological, and physio-
logical factors. It was found that Cr, , increases with C,: the greater the plant’s capacity
for osmoregulation (a proxy for salt tolerance), the higher the Cr, ;. value. The modeled
relative transpiration results align well with experimental data. However, by neglecting CO»
assimilation, the model limits the ability to estimate the impacts of salinity and salt tolerance
on productivity. The subsequent model [46] aims to incorporate these factors for a more

comprehensive analysis.

1.6.3 Xylem-phloem hydraulic coupling

At the whole-plant level, salinity significantly impacts yield by limiting several key processes:
(1) the movement of water from the soil to the leaves, (2) the uptake of CO, in the leaves,
and (3) the production and translocation of carbohydrates in the phloem to meet the plant’s
carbon demands (Figure 1.11 (c)).

The underlying hypothesis suggests that different species respond to salt exposure based
on their ability to regulate osmolyte concentrations in the xylem-leaf-phloem system. Build-
ing on this premise, a physically based model [46] has been proposed to represent the short-
term effects of salinity on plant-water relations and the hydraulic coupling between xylem,
leaf, and phloem. This model is grounded in three main theories: (a) the cohesion-tension
theory applicable to the root-plant system, (b) the balance between biochemical demands and
the atmospheric supply of CO; at the leaf level, and (c) the Miinch osmoregulation theory
that describes carbohydrate movement within the phloem.

Despite this framework, the combination of these theories remains mathematically un-
closed, necessitating an additional constraint that connects soil salinity with leaf water poten-
tial (\P;. To address this, four different closure assumptions are explored to enhance the cou-
pled equations governing CO,, water, and carbohydrate transport in the xylem-leaf-phloem

system. The primary notion is that plants have evolved to rapidly optimize one of the follow-
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ing: (1) sap flow to maintain leaf turgor, (2) CO, assimilation in the leaves, (3) carbohydrate
production and loading (primarily sucrose), or (4) the trade-off between carbon gain and

hydraulic cost.

Table 1.3: Summary of the four optimality hypotheses [46].

Hypothesis Formulation
(1) Water uptake maximization % =0

(2) CO, maximization % =

(3) Sucrose transport maximization % =

(4) Profit maximization 9118&1 (G-R)=0

This proposed model marks an essential initial step toward describing the interconnected
transport of water, carbon, and sucrose within the soil-plant system in saline environments.
It encompasses the primary processes that may be affected by soil salinity and enables the
exploration of various optimality rules needed to mathematically close the system and deter-
mine leaf water potential. While rigorous validation of the model is not feasible at this stage,
the approach can help interpret observed patterns of transpiration and photosynthesis in halo-
phytes and glycophytes. From this analysis, hypotheses regarding the influence of salinity
on photosynthesis and plant-water interactions can be formulated, paving the way for future

experimental assessments of the model [46].

1.6.4 Model Limitations

All of the approaches introduced above have several important limitations:

* The separation between osmotic and ionic phases simplifies the model structure but

limits its applicability to time scales at which morphological modifications are negligi-

ble [45].
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* Atlonger time scales, salt mass, and soil moisture balance are expected to play a crucial

role and need to be included to account for salinity fluctuations[45].

* At longer time scales, the dynamics of water storage flux can significantly affect the

plant response to salinity, hence the flux cannot be assumed stationary [45].

* Fluctuating environmental conditions could affect stem water storage dynamics as-

sumed to be constant [46].

* Processes such as hydraulic redistribution (i.e. passive water movement from wet to
dry soil in the root zone) and 3D gradients in soil moisture and salinity that may impact

the overall plant response to salt stress are not considered [46].

A possible extension of the model may also include longer timescale dynamics and stochastic
external forcing to analyze the feedback effect of salinity on the water balance [47].

The objective of this study is to develop a transient model of the soil-plant-atmosphere
continuum (SPAC), which incorporates the water storage capacity of the different system
components. This model will be developed in a dynamic context, where environmental con-
ditions are not fixed, and soil moisture varies over time. Specifically, it will take into account
fluctuations in meteorological conditions, soil-plant interactions, and the overall water bal-
ance, to achieve a more accurate and realistic representation of water transport processes.

Finally, the model will be used to observe and analyze the plant’s response when subjected
to dual stress factors, namely the combination of salinity and drought. This approach will
provide a better understanding of how the plant’s physiological processes are affected by the
simultaneous presence of these two adverse conditions, offering insights into the sustainable

management of natural ecosystems in environments prone to such stressors.
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2. Case Study Introduction

This study focuses on data collection from two wetland sites in coastal Louisiana, selected to
represent two marsh types (fresh and brackish). The coastal zone of Louisiana encompasses
approximately 2144 km? of brackish marsh and about 2837 km? of freshwater marsh. Both
sites feature vegetation assemblages and hydrological signatures consistent with these wet-
land types. Many brackish marshes in Louisiana are experiencing stress and peat collapse
due to persistent submersion and saltwater intrusion, and our brackish marsh site is repre-
sentative of such degradation. Additionally, the continuous marsh cover within a 200-meter
radius ensures reliable EC measurements [31].

Two sites were selected for this study, although not directly part of the Bird Foot Delta—the
primary area of interest—to address the lack of stations capable of providing meteorological
data required for model validation and verification. These eddy covariance stations enable
the collection of CO; fluxes, evapotranspiration, and meteorological data to be used as model
inputs. Additional salinity, biomass, and water level data will be obtained from CRMS sta-
tions.

The analyzed data show discontinuities, with periods where data are not consecutively
available. For this reason, the selected observation period spans from 2021 to 2023, dur-
ing which there is a more continuous data coverage sufficient for meaningful analyses. This
timeframe provides an opportunity to study the behavior of ecosystem fluxes, such as evap-
otranspiration, CO2, and CH4 fluxes, during a significant climatic event: the drought that
occurred in 2022. The 2022 drought event represents an opportunity to examine the com-

bined effects of water stress and high salinity conditions on ecosystem fluxes.
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Figure 2.1: Geographical context of the two marshes (a) with enlargement of the brackish (b)
and freshwater(b) eddy covariance study sites (blu) in coastal Louisiana and the location of

Coastwide Reference Monitoring System stations (yellows).
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The first site (hereafter referred to as ’brackish marsh”) is located adjacent to the Pointe-
aux-Chenes Wildlife Management Area (WMA), approximately 24 km southeast of Houma
(29°30'04.77"N;90°26/41.65""W; Coastwide Reference Monitoring System (CRMS-Wetlands)
site 2825). The soils are organic (40-70% organic content) with a low bulk density (<
0.2gcm™3) and a live rooting depth < 30cm. The site is classified as mesohaline and is
dominated by Spartina patens [24].

The second site (hereafter referred to as the “freshwater marsh™) is located in the Sal-
vador Wildlife Management Area (WMA), approximately 19 km southeast of New Orleans
(29°51'31.29"N,90°17'12.80”"W; CRMS-Wetlands site 3166). The freshwater marsh, with a
salinity of 0.23 +0.1 psu (SE) during the study period, represents lowland deltaic freshwa-
ter wetlands. The dominant species in this area is Sagittaria lancifolia. The soils consist of
more than 75% organic matter, with a bulk density of < 0.10gcm™> and live rooting depths
reaching up to 60 cm [24].

Both sites are microtidal (range < 30 cm) with major wind events influencing the duration
of flooding. From the water table levels shown below, it is clear that, for both sites, the
vegetation remains submerged most of the time. The period during which the sites experience

prolonged non-flooded conditions coincides precisely with the drought event.
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Figure 2.2: Water Level for the two CRMS stations of interest

As aresult, the soil in these environments consistently exhibits near-saturation soil mois-
ture, a finding further confirmed by the EC data, indicating a water content ranging between
80% and 100%. The soil moisture value was also extracted from the EC station. Unfortu-
nately, for the entire observation period, the only available data is for a single day for a single
EC station LA3 , as shown in the figure below. However, this value can be considered repre-

sentative and provides an indication of how, under these conditions, the soil remains saturated

or near saturation for most of the time.
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Figure 2.3: Daily variation of soil moisture, for the EC- LA3
Air temperature, precipitation (mm/h), relative humidity, and net radiation for both sites

are shown in the following figure. These parameters will be used as input data in the model

to define dynamic rather than fixed boundary conditions.

48



60 T 40
US-LA2: Freshwater Marsh
50F US-LAZ: Saline Marsh )
%) 30+
10} @
= = 20¢
= = 10t
204 =
1o} < of
I 1 | | Ul WILT DR, N L . 10 . . .
Jul 2021 Jan 2022 Jul 2022 Jan 2023 Jul 2021 Jan 2022 Jul 2022 Jan 2023
120 T T T 1200
. —. 1000 |
= 100F =
o E soof
z =
= 501 = 600t
= ol 2 400}
@ = 200}
Z 40 <
x: Z ol
20 : L L -200 L s s
Jul 2021 Jan 2022 Jul 2022 Jan 2023 Jul 2021 Jan 2022 Jul 2022 Jan 2023

Figure 2.4: Time Series of Meteorological Data from the two EC stations (Rainfall, Air

Temperature, Relative Humidity, and Net Radiation

Soil temperature data were also extracted from both EC stations. However, only station
LA2 provided a continuous data series spanning from 2012 to 2014. An average was calcu-
lated from these values, which will be used as a fixed variable within the model. The resulting

average temperature of soil (TS) 1s 23°C.

2.1 Data Collection EC

Both sites are equipped with towers featuring an open-path methane sensor (LI-COR LI-
7700, LI-COR Biosciences, Nebraska, USA), a closed-path CO2/H20 sensor (LI-COR LI-
7200), and a sonic anemometer (Gill Windmaster Pro, Gill Instruments Ltd., Lymington,

UK), along with a data logger and an air pump. The Eddy Covariance (EC) systems are in-
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stalled on 3 x 3 m platforms elevated 1.0 m above the ground surface. The towers are centrally
located within a homogeneous wetland area with similar roughness (or canopy height) within
a 200 m fetch, ensuring that wind directions can be captured from all sides to maximize data
acquisition. Both sites feature similar heights of emergent herbaceous canopies, ranging from

0.5 to 1.2 m throughout the year. Measurement heights above the ground surface were 3.6 m

and 3.4 m for the freshwater and brackish sites, respectively [24].

Figure 2.5: Eddy Covariance (EC) systems installed at the selected sites [24].

See the following section ( 2.1.1) to understand better how the EC technique collects mea-
surements. Data were downloaded from the AmeriFlux platform, which provides detailed
information on greenhouse gas, energy, and water exchanges between terrestrial ecosys-
tems and the atmosphere, obtained using Eddy Covariance (EC) techniques. The data were
downloaded with an hourly aggregation. These datasets are the result of continuous, high-
resolution measurements subjected to standardization and quality control. Advanced pro-

cesses such as gap-filling to address missing data and the partitioning of total fluxes into key
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components like Gross Primary Production (GPP) and Ecosystem Respiration (RECO) were
also applied.

These data are suitable for ecological, climatic, and hydrological modeling, as they in-
tegrate additional meteorological parameters such as temperature, relative humidity, and net

radiation.

2.1.1 Eddy Covariance Method

Eddy covariance (also referred to as eddy correlation or eddy flux) is a fundamental atmo-
spheric measurement technique employed to quantify vertical turbulent fluxes within atmo-
spheric boundary layers. This method involves the analysis of high-frequency scalar atmo-
spheric data, wind velocity, gases, energy, and momentum to derive flux values for these
properties. As a statistical technique, eddy covariance is widely used in meteorology, mi-
crometeorology, oceanography, hydrology, agricultural sciences, and in regulatory and in-
dustrial applications to determine trace gas exchange rates over natural ecosystems and agri-
cultural fields, as well as to quantify emission rates from other terrestrial and aquatic surfaces.
It is frequently applied to estimate momentum fluxes, heat, water vapor, carbon dioxide, and

methane [64].

Airflow can be conceptualized as a horizontal movement comprised of numerous rotating
eddies, each with three-dimensional components, including vertical air motion. Although
this process may initially appear chaotic, these components can be effectively measured using
instrumentation mounted on a tower. In the accompanying diagram, the airflow is depicted as
a large arrow passing through the tower, consisting of eddies of varying sizes. This framework
forms the basis of atmospheric eddy transport [7].

Turbulent eddies are primarily generated by the interplay of shear forces and buoyancy.
Mechanical shear arises when the horizontal wind encounters obstacles such as vegetation

canopies, buildings, or topographical features, disrupting the flow. Additionally, larger ed-
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dies induce wind shear that creates smaller eddies, transferring turbulent energy from larger
to smaller scales in a process known as the turbulent energy cascade. Buoyancy, on the other
hand, occurs when warmer, lighter air rises (upwelling) or cooler, denser air descends (down-
welling), further contributing to turbulence. In some instances, significant water vapor fluxes

may enhance buoyancy through the upward movement of lighter, moisture-laden air. These

mechanisms collectively drive atmospheric eddy transport [7].

Figure 2.6: Tower of Eddy covariance [47]

From the perspective of a single point on the tower, at one moment (time 1), eddy number
1 moves air parcel ¢; downward with the speed w;. At the next moment (time 2) at the
same point, eddy number 2 moves air parcel ¢, upward with speed w,. Each air parcel
has its characteristics, such as gas concentrations, temperature, humidity, etc. If we can
measure these characteristics and the speed of the vertical air movement, we will know the
vertical upward or downward fluxes of gas and water vapor concentrations, temperature, and

humidity. This is the general principle of eddy covariance measurements: covariance between

52



the concentration of interest and vertical wind speed [7].

Cov,, — X(xi ;\] fz(i’i ) 2.1)
Time 1 Time 2
Eddy 1 Eddy 2
G, C,
Air l W, ] W, Air
G, C,

Figure 2.7: Eddies at a single point [7].

The mathematical foundation of the method is as follows and the major assumptions: In
turbulent flow, vertical flux can be expressed as the mean product of dry air density (pg),

vertical wind speed (w), and the dry mole fraction of the gas of interest (s).
F =pgws (2.2)

Reynolds decomposition is applied to separate the equation into mean values and deviations
from these means. Air density is represented as the sum of a mean value, averaged over a
specific period, and an instantaneous deviation from that mean. A similar approach is applied
to vertical wind speed and the dry mole fraction of the substance of interest. Considering that
the average deviations from the average are removed since the average deviation from an

average is zero, the simplified and final equation is given by

F =paws+pagw's' +wpgs’ +spgw’ + pgw's’ (2.3)
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In the conventional eddy covariance method, two key assumptions are made. First, it is
assumed that air density fluctuations are negligible. This assumption is generally valid when
eddy covariance is applied to large, relatively flat areas, such as fields or plains, where air
density variations do not significantly affect the results. Second, it is assumed that the mean
vertical flow is negligible in horizontally homogeneous terrain, meaning that there are no flow
diversions or conversions. With these two assumptions, the classic equation for eddy flux is
derived. The flux is defined as the product of the mean air density and the mean covariance
between the instantaneous deviations of vertical wind speed and dry mole fraction. And

accordingly, for the scalar fluxes of heat, water, and carbon we have:

Flux Type Equation

Sensible Heat Flux Fe,r=H= pch
Latent Heat Flux F,=pwE = pw'q
Carbon Flux Feo, = pW

Table 2.1: Flux Equations

In addition to the assumptions given thus far, there are other important assumptions in
the eddy covariance method. Measurements at a point are assumed to represent an upwind
area. Measurements are also assumed to be done inside the boundary layer of interest and
the constant flux layer. Fetch and footprint are assumed adequate, so flux is measured from
the area of interest. It is assumed that flux is fully turbulent, the terrain is horizontal and
uniform, and flow divergences and convergences are negligible. It is also assumed that air
density fluctuations are negligible, and the instruments can detect very small changes at a very
high frequency. Finally, it is assumed that mean airflow and turbulence at the measurement
point are not appreciably distorted by the installation structure or the instruments themselves.
The degree to which some of these assumptions hold depends on proper site selection and

instrument setup [7].
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2.2 Data Collection CRMS

While EC stations provide us with meteorological data, the Coastwide Reference Monitor-
ing System (CRMS) stations in the Mississippi Delta are designed to monitor and assess the
health of coastal wetlands through an integrated monitoring network. These stations collect
data on key environmental variables, including salinity, water level, soil moisture, vegetation
biomass, soil quality, and water fluxes. This data is recorded at regular intervals to provide a
comprehensive and detailed view of environmental conditions and their variations over time

[50].

Figure 2.8: Coastal Reference Monitoring System ( CRMS) network stations along the Mis-

sissippi Delta .

The primary goal is to understand how natural and human-induced factors, such as saline
intrusion, soil subsidence, erosion, and alterations in water flow, affect the health of wetland
areas. Through this monitoring network, the CRMS stations support the development of en-
vironmental management and restoration strategies, providing data to predict the impact of

extreme events, such as storms and droughts, and to evaluate the effectiveness of conserva-
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tion interventions over the long term. This system is a critical resource for the sustainable
management and conservation of wetlands in the Mississippi Delta.
From the CRMS station, it was possible to extract the water level, the elevation of the

marsh, the Total biomass, and the salinity.

The baseline measurements of wetland conditions are based on biomass or productivity
measurements to enhance the understanding of the system’s structure and function (within a
given location) and its responses to restoration activities or natural trajectories. Aboveground
and belowground biomass samples, along with other plant and soil characteristics, are col-
lected for the System Wide Assessment and Monitoring Program (SWAMP). These samples
are gathered at selected CRMS sites within each hydrological basin. Peak standing biomass
serves as an indicator of wetland production or productivity. Belowground biomass mea-
surements, obtained from soil samples at CRMS stations, are designed to document changes
in both aboveground and belowground biomass in wetlands. After the collection of baseline
samples, vegetation parameters will be sampled every 5 years from 3 plots per CRMS site at a
subset of CRMS locations. These sites represent specific vegetation communities containing
at least one of the seven target taxa, whenever possible. The whole plot parameters include

total aboveground live and dead biomass. The plots measure 0.5 x 0.5 m.

Three aboveground biomass clip-plots (replicates) are collected at each selected CRMS
site. The mean and standard error (SE) are calculated for both Total live aboveground
biomass (g/m2)” and “Total dead aboveground biomass (g/m2)” for each year and site. Three
belowground biomass cores are collected from each site. The mean and SE are calculated
for both ”"Belowground live biomass (g/m2)” and ”Belowground dead biomass (g/m2)” for
each year and site. This is done for each of the three biomass cores by summing the biomass

across depths and then calculating the mean and SE of the sums.
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Figure 2.10: Aboveground and Belowground Biomass (Leave and Dead), in relation to depth

The biomass levels vary depending on the site considered. When a plant is exposed to
higher salinity levels, as in the case of site CRMS2825, it may trigger various physiological
and adaptive responses, leading to increased belowground biomass production despite the

water and salt stress induced by salinity.
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Plants in saline environments develop mechanisms to maintain osmotic balance within
their cells. To achieve this, they accumulate compatible solutes (such as sugars and amino
acids) within their roots and vascular system. This adaptation enhances the plant’s ability
to absorb water even under high salinity conditions, allowing it to invest more resources in
belowground growth to improve water and nutrient uptake.

Exposure to salinity can stimulate root growth as a response to the increased need for
water and nutrients. Root growth in saline environments is often associated with greater root
depth and density, enhancing access to less saline water resources at greater soil depths or

enabling solute accumulation to regulate osmotic pressure.

An increase in belowground biomass under high salinity conditions is often accompa-
nied by a reduction in aboveground biomass. In saline stress conditions, plants may redi-
rect resources, such as energy and nutrients, from aboveground growth to root development.
This strategy enhances water and mineral absorption efficiency—crucial in saline environ-
ments—but implies a reduction in aerial biomass, as fewer resources are dedicated to leaf
and stem growth. In saline environments, plants may reduce leaf area to limit water loss
through transpiration, an adaptive mechanism to minimize further water stress. A smaller
leaf area limits evaporation but results in lower aboveground biomass. Exposure to high
salinity can also inhibit metabolic processes in the aboveground parts of the plant, reducing
photosynthetic efficiency. This limitation leads to stunted growth of aerial parts, which are

less equipped to compete for light and space compared to less saline conditions.
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2.3 Fluxes and their relation with Salinity

For the salt marsh site, compared to the freshwater site, the vegetation is exposed to salinity
stress, requiring more detailed considerations. The increase in salinity presents additional
challenges to the vegetation, affecting its productivity, physiology, and species composition.
This salinity stress alters the plants’ ability to absorb water and nutrients, leading to either
continuous adaptation or a reduction in vitality. Therefore, it is necessary to carefully con-
sider the interaction between salinity, vegetation, and other ecological factors such as inun-
dation, which together determine the overall behavior of the salt marsh ecosystem.

Below are the salinity levels, evapotranspiration fluxes, and CO; assimilation fluxes for
both sites. Both the saltwater marsh and the freshwater marsh experienced an increase in
salinity during 2022, attributed to heightened saline intrusion resulting from an extreme
drought event. In the first case, salinity levels reached very high values, which will nega-
tively impact the vegetation, as the levels far exceed the maximum tolerance thresholds. In
the second case, for the freshwater site, this does not occur, as salinity levels only increase

during the drought event, remaining well below the critical tolerance limits.
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Figure 2.11: Salinity (Blue) time series with different thresholds (Red) for each dominant

vegetation
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Figure 2.12: Fluxes exchange of Evapotranspiration (a) and Assimilation of CO, (b) for both

EC station.

The salinity threshold values (Cyax, Co0, Cs0, Ca0), shown in Figure 2.9, are critical pa-
rameters that define the tolerance of a specific plant species in relation to productivity. These
values represent the salinity levels beyond which significant changes occur in the plant’s
ability to perform photosynthesis, absorb nutrients, and maintain a balanced metabolism. For
Spartina Patens, as shown in the figure, the maximum productivity level occurs at a salinity
of approximately 5 ppt, beyond which productivity decreases almost linearly with increasing

salinity.

60



Salinity-Vegetation Productivity [P] (Spartina patens)
T T 1 : T

3 H " I
25+ : i .
- P CELETPLL P e .......L.L: . .\ |. 4 Pa
E of s - s : .
- H — H:] ) -
= - - - = - ]
B H C e~ ] "= ;:l
S 151 iy ~~_ I [ ;| y
= e . S A R - S Pn
= s L e
= T B A L AT o - Py
E 1F H H -~ B —
= i N .- .- Py
: : H —-—
05 |- H H - -.f -
0 i 1 I 1 L
0 5 10 o 15 20 25
C [ppt

Figure 2.13: Salinity Threshold values in relation with productivity for Spartina Patens

By comparing the threshold values of Spartina Patens with the continuous salinity data
provided by the CRMS (Coastwide Reference Monitoring System), significant observations
emerge regarding two drought events that occurred during the observation period: the first in

2012 and the second in 2022 (Figure 2.12).
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by CRMS2825

As explained in the previous chapter, drought intensifies soil and water salinity, pro-
foundly influencing plant productivity. During the 2012 drought event, salinity levels reached
peaks that exceeded the Csq threshold value. However, once the event concluded, salinity
progressively returned to near-normal levels, allowing the vegetation, dominated by Spartina
Patens, to recover and re-establish its cover.

The second drought event presented significantly different dynamics. Starting from the
end of 2021, salinity levels showed a marked increase, reaching peak values during the most
intense period of the drought. After the event, instead of decreasing, salinity continued to
rise, surpassing the C4¢ threshold value. This prolonged salinity stress had severe effects on

the vegetation, leading to a substantial change in the site’s floristic composition.
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Analyzing the percentage of vegetation cover during the two drought events, a marked

difference in species response emerges:

* First event (2012): The vegetation remained dominated by Spartina Patens, despite

temporary salinity stress.

* Second event (2022): A significant reduction in Spartina patens cover was observed,

along with a substantial increase in the percentage of Distichlis Spicata.

This sudden change in vegetative composition could be explained by the different salinity
tolerance thresholds of the two species. Distichlis Spicata is known for its ability to tolerate
higher salinity conditions compared to Spartina patens. The replacement of the dominant
species thus reflects the site’s adaptation to an increasingly saline-stressed environment. The
shift from a plant community dominated by Spartina Patens to one characterized by Dis-
tichlis Spicata involves changes not only in vegetation structure but also in the ecological
functions of the marsh. The reduction of Spartina Patens, which contributes significantly

to soil stability and primary productivity, could lead to increased vulnerability of the site to

63



erosive phenomena and a reduction in carbon sequestration. The analysis of salinity data and
vegetation composition highlights how more intense and prolonged drought events can trig-
ger significant changes in the dynamics of tidal ecosystems. The replacement of dominant
species represents an adaptive response, but it raises questions about the long-term stability
of these ecosystems under the influence of extreme climatic events and the rising salinity

associated with climate change.

The daily average fluxes of evapotranspiration (ET) and CO, extracted from the EC sta-
tion were analyzed concerning salinity levels. The graphical data show that for salinity levels
below the minimum threshold value (C,,,y), the fluxes remain stable. However, for salin-
ity levels between C,,,, and Cg, there is an average reduction in fluxes of approximately of
2 mm/day for ET and 4 umolm2s~! for CO, flux. This reduction, which appears to be
modest daily (few mm/day for ET or minimal variations in greenhouse gas fluxes), when
extrapolated over the entire year, can have a significant impact on the overall balance of the

wetland.
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Figure 2.16: Fluxes exchange in relation with the salinity of Evapotranspiration (a) and As-

similation of CO; (b) for Brackish Marsh, CRMS2825
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An interesting observation concerns the fluxes corresponding to salinity levels above
(Cnax)- Contrary to the expectation of a continuous decline in fluxes with increasing salinity,
the data show that extreme salinity levels do not result in further significant reductions. The
fluxes for salinities above (C,,,y) are similar to those recorded for salinity levels just above
the threshold. For this reason, only two flux ranges are reported: one representing the maxi-
mum flux under conditions below stress levels, and another showing peak values under stress
conditions. This behavior suggests that, in addition to salinity, other environmental factors,
such as stress from inundation, may play a crucial role in modulating the fluxes.

Wetlands, being subject to periodic flooding, experience simultaneous stress from both

salinity and inundation. Their interaction differs in how they influence the various fluxes:

* CO, Assimilation: It shows a constant impact from both stress factors. Salinity limits
photosynthetic efficiency through stomatal closure, while inundation further reduces
assimilation due to decreased oxygen availability in the soil and leaf photosynthesis

under hypoxic conditions.

* Evapotranspiration (ET): It responds differently. In the presence of inundation, the
evaporation component increases due to the free water on the surface, compensating
for the losses caused by reduced plant transpiration. This behavior might explain why,
at high salinity levels combined with continuous inundation, ET fluxes do not show a

continuous decline.

To isolate the specific effects of inundation, a comparison was made by removing periods
when the system was submerged. This analysis allowed for a clearer distinction between the

relative contributions of salinity and inundation to changes in the daily average fluxes.
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Figure 2.17: Fluxes exchange in relation with the salinity of Evapotranspiration (a) and As-

similation of CO; (b) for Brackish Marsh, CRMS2825, without period of submersion

The results confirm that inundation plays a significant role in modulating the fluxes, par-
ticularly for evapotranspiration and, to a lesser extent, for assimilation. Including inundation
in simulation models is essential for accurately representing ecosystem fluxes in tidal wet-
lands. The combination of salinity and inundation effects, as well as their interactions, must
be parameterized to correctly predict the impact of future scenarios, such as sea-level rise or
increased drought events. A model that integrates both factors will allow for a better repre-
sentation of the hydrological and ecosystemic balance, which is crucial for management and
conservation strategies.

As will be introduced later, it is unfortunate that in the model that will be presented, we
have only been able to include salinity effects, thus not considering submergence. but once
the results are obtained, they will be considered in order to manipulate the results and make

important considerations.
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3. Approach and Model

As introduced in the first chapter, the primary objective of this work is to develop a dynamic
model capable of representing the impact of salinity on plant productivity. This impact will
be analyzed regarding transpiration, carbon assimilation, and biomass production. Unlike
previously discussed cases, the model will integrate not only osmotic stress, representing the
immediate effect of salinity but also ionic stress, significantly limiting plant physiological
performance over the long term.

An innovative aspect of the model is the water balance, where soil moisture is not treated
as a fixed variable but evolves dynamically over time, oscillating within a predefined mini-
mum range. Additionally, boundary climatic conditions will be variable and not imposed as
static parameters, enhancing the model’s alignment with real environmental scenarios.

The methodological foundation of this work is the Photo3 model [22], implemented in
Python. This model describes photosynthesis in C3, C4, and CAM species consistently,
using the Farquhar et al. model for carbon assimilation. Photo3 also calculates stomatal
conductance and transpiration based on stomatal optimization theory, integrating soil and at-
mospheric conditions through a representation of the soil-plant-atmosphere continuum, with
the option to include plant water storage. Using variables such as soil moisture, air tempera-
ture, relative humidity, and solar radiation, the model determines net carbon assimilation and
transpiration, among other variables of interest.

In this study, Photo3 is employed to parameterize two representative species from the
study areas described in the previous chapter: Spartina patens (C4) and Sagittaria lancifolia
(C3). The aim is to adapt the model to the specific conditions of wetland ecosystems, char-
acterized by saline soils and submersion, as discussed in earlier chapters. Integrating these
key parameters will enhance the model’s accuracy and predictive capabilities, making it more

suitable for representing the ecological dynamics typical of these habitats.
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3.1 Transpiration and soil water balance

According to the classical framework of the soil-plant—atmosphere continuum (see Appendix
A), the water is taken up by the roots, flows through the xylem, and exits through the leaf
stomata to the atmosphere, following a path of decreasing water potential, from the soil at
W, through the leaves at ‘¥, to the atmosphere at W,. Typically, the water flow inside the
plant is assumed to take place as a succession of steady states (i.e., considering the system
adjustment to the time-varying equilibrium conditions as practically instantaneous). The
exchanges between vegetation and atmosphere are simply modeled using the standard big-
leaf schematization [22]. Under these assumptions, the soil moisture be provided as a model

input or determined through the balance equation,
nZR-> = —E—EV—L 3.1)

where n is the soil porosity, Z, is the rooting depth and s is the volumetric soil moisture aver-
aged over the rooting depth. Total losses from the soil are due to plant water uptake gs(s,w),
leakage loss L(s), and evaporation Ev (s). The Evapotranspiration, E, represent the sum of the
losses resulting from plant transpiration and evaporation from the soil. When soil moisture is
high, the evapotranspiration rate depends mainly on the type of plant and climatic conditions
(e.g., leaf area index, wind speed, air temperature and humidity, etc.). As long as soil mois-
ture content is sufficient to permit the normal course of the plant physiological processes,
evapotranspiration is assumed to occur at a maximum rate Emax, which is independent of
s. When soil moisture content falls below a given point, which depends on both vegetation
and soil characteristics, plant transpiration (at the daily time scale) is reduced by stomatal
closure to prevent internal water losses and soil water availability becomes a key factor in
determining the actual evapotranspiration rate. Is possible also to considere the rainfall R(t),
may be specified either as a model input or may be generated within the model as a stochastic

process that requires the mean rainfall depth and frequency as input parameters [22].
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Soil Evaporation :

EVMAX =38 if s > SH
evap(s) = (3.2)

0 otherwise

Where :
* EVMAX is the maximum soil evaporation rate;
* SH is the soil moisture threshold below which evaporation is zero

For reasons of mathematical convenience, EV is assumed to be equal to EVmax for s higher
than the wilting point s,, and to decrease linearly to zero at the hygroscopic point s,.

Soil Water Leakage Equation: Leakage losses are assumed to happen by gravity at the
lowest boundary of the soil layer, neglecting possible differences in matrix potential between
the soil layer under consideration and the one immediately below. The loss rate is assumed
to be at its maximum when soil is saturated and then rapidly decays as the soil dries out,
following the decrease of the hydraulic conductivity K(s) [1]. The decay of the hydraulic

conductivity is usually modeled using empirical relationships of different forms.
leak(s) = 0.11574 - Kg - 5?6 +3) (3.3)
Where:
* KS is the saturated soil hydraulic conductivity.
* s is the soil moisture saturation fraction.
* B is an empirical coefficient.

Since it is a transient model, soil moisture is updated at each time interval to reflect dynamic
changes in water content. In this study, given that the soil remains predominantly near satu-

ration for most of the time, as confirmed by both site data and water table levels, a constant
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soil moisture value close to saturation will be adopted. This approach, which will be de-
tailed in the following chapter, highlights the persistent saturation of the soil and allows for a
significant simplification of the model.

The SPAC system is solved using a soil, root, plant formulation combined with a stoma,
atmosphere formulation using the continuity assumption that the water flux through the plant
is equal to the evaporation out, and finally coupling with an energy balance [22].

The transpiration flux E from the stomata is given by the difference between the specific

humidity internal to the leaf and that of the atmosphere, i.e.:

_ 8sa " P

w

E [9i(T1, v1) — qa) (3.4)

where g, is the series of atmospheric conductance and the combined stomatal-cuticular con-
ductance, p is the density of air, p,, is the density of water, g; is the specific humidity internal
to the leaf, and ¢, is the specific humidity of the atmosphere. At the same time, the transpira-
tion must be equal to the flux of water through the plant, i.e. the flux per unit of ground area

from the roots to the leaves :
E=gop(Ws— 1) (3.5)

where g, is the series of the soil-root and plant conductances, y; is the soil water potential,
y; 1s the leaf water potential. Because of this choice of units, gy, depends on both LAI (leaf
area index, i.e., the leaf area per unit ground area) and RAI (root area index, i.e., the root area
per unit ground area), which express the relative importance of root and xylem conductance,

determining which part contributes more to the limitation of water flow [1].

For the calculation of stomatal conductance, no empirical formulation is used. The stom-
atal conductance to water g, is closely related to stomatal conductance for CO, and here is
given by gy = 1.6g, co2 + 8cur, Where 1.6 accounts for the differences between the diffusivity
in air of CO, and H,O.

Following [12], the soil - root conductance g, is given by g(s) = Ké;)p'wgu,, where RAI is
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the root area index, Z, is the rooting depth and K(s) is the hydraulic conductivity, g represents
gravitational acceleration and p,, denotes the density of water. Given that roots continuously
adapt to fluctuations in soil moisture, plant water availability (and consequently soil-root con-
ductance) cannot be assessed purely based on soil properties. It is therefore logical to infer
that, as soil dries, the reduction in g, caused by K is partially offset by the plant’s response
through root proliferation. Consequently, under moderate soil water deficits, the distance de-
creases as soil water availability diminishes. This relationship can be modeled by adjusting
the Root Area Index (RAI) with a multiplicative factor that mitigates the decline induced by
K. Specifically, RAI, under optimal watering conditions can be scaled by a parameter a,

which varies depending on the plant species, RAI = RAIL,s ¢ [1].

Plant conductance, g,, drops when the water potential is too low because of xylem cav-
itation; this decay is modeled by a vulnerability curve, g, = gp maxexp [~ (—%)°]. The
parameters d and c are such that g, is equal to g4 for high values of ¥; and close to O for

low V.

The SPAC model integrates the energy balance at the leaf level to achieve closure. A com-
prehensive representation of the leaf energy balance should account for radiative processes,
as well as convection and conduction, while considering radiation heterogeneity and its pene-
tration through leaf layers. Despite this, SPAC models often employ a simplified framework,
utilizing the ”big sunlit leaf” approximation. This assumes a flat and uniform canopy, which
simplifies the calculations.

Under this approximation, the leaf energy balance is described by equating the net ra-
diation (R,) to the sum of the sensible heat flux (H), the latent heat flux (A,,p,E), and the

conductive heat flux to lower layers (G):

R,=H+ApuE+G
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where A,, is the latent heat of vaporization of water, p,, is the water density, and E repre-
sents the water flux per unit area. Since G is negligible for canopies, the equation simplifies
to:R, = H+ A,,p E

The sensible heat flux (H) depends on the ambient temperature (7,) and the leaf temper-
ature (7;) [K], and is expressed as: H = c,p (T} — T,)

where ¢, is the specific heat capacity of air and p is the air density. Substituting this

relationship into the leaf energy balance, the equation becomes:

O =28a-p-cp(T —Ty) + AupuE (3.6)

These three equations are solved simultaneously for the three unknowns: the transpiration
E, the leaf temperature 7;, and the leaf water potential y;.

The code [22] also includes a section with the capacitance. Plant water storage is repre-
sented in this model as a capacitor located at the height which is a fraction f of the total plant
height. Using this scheme, the change in the plant’s relative water content w is given by the
balance equation :

dw

LAI-ZW-E =qs(s,w) —E (3.7)

When plant water storage is included, the formulation of hydrology balance is altered,
and a fourth variable, y, , is introduced, which describes the water potential at the storage

connection node.

= gp . —
=125 () (3.8)

The evapotranspiration evf is defined by the relationship between soil water flow and

E

xylem storage flow:

v &t (w5 — ) +lai-gw- (W, — y)

o gsrfp-(1—F_CAP) gw-(1—F_CAP)
L+ () + (=)

Now the resulting system is composed by: (3.4),(3.6),(3.9) .

(3.9)
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3.2 Assimilation

Photosynthesis is the process by which green plants capture light energy and convert it into
carbohydrates using carbon dioxide and water. This process occurs in the chloroplasts of leaf
cells and involves two consecutive stages. The first stage, known as light reactions, directly
depends on light, whereas the second stage, referred to as dark reactions, does not directly
involve light. Below is a structured overview of the process, introducing key concepts and

terminology [1]:

1. 1. Light Reactions: Light energy is absorbed by pigment molecules, primarily chloro-
phyll, and transferred to reaction centers. Here, a sequence of biochemical reactions
generates reducing power in the form of NADPH (reduced nicotinamide adenine dinu-
cleotide phosphate) and chemical energy in the form of ATP (adenosine triphosphate).
Water is essential in this phase as it undergoes photolysis, breaking down into protons,
electrons, and oxygen. Well-hydrated leaf cells with high leaf water potential (y;) are
critical for this process, as photosynthesis decreases when water availability is limited.
This is particularly significant in ecosystems governed by water availability but is of-
ten overlooked in models. The high water content in leaf cells also leads to substantial

water loss through evaporation when stomata are open to allow carbon dioxide uptake

[1].

2. Dark Reactions: NADPH and ATP produced during the light reactions drive the con-
version of carbon dioxide, taken up via the stomata, into carbohydrates through the

Calvin cycle. This cycle has three main stages:

» Carboxylation: The five-carbon sugar RuBP (ribulose-1,5-bisphosphate) reacts
with carbon dioxide and water, forming three-carbon compounds (in C3 plants).
This reaction is catalyzed by the enzyme rubisco (ribulose bisphosphate carboxylase-

oxygenase). The rate of CO, fixation by carboxylation is denoted as A [1].
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* Reduction: The three-carbon compounds are modified using ATP and NADPH,

with some transformed into carbohydrates [1].

* Regeneration: The remaining three-carbon compounds combine with ATP to

regenerate RuBP, allowing the cycle to continue [1].

During the Calvin cycle, rubisco also facilitates the oxygenation of RuBP, a process
known as photorespiration or RuBP oxygenation. This process consumes oxygen and re-
leases carbon dioxide, reducing net CO, uptake by 30-50%. The rate of photorespiration is
represented as P.

In contrast to photosynthesis, respiration involves the oxidation of organic molecules to
release energy for maintaining plant functions and supporting new tissue growth. This pro-
cess occurs continuously, day and night, across most plant parts. In leaf cells during daylight,
respiration occurs concurrently with photosynthesis and is facilitated through the stomata.
Known as dark respiration or daytime respiration, this process is distinct from photorespira-
tion. The rate of dark respiration is denoted as R;.

The net carbon uptake is modeled as a steady-state Fickian diffusion through the stomata:

A, = 85,CO, (Cs - Cm) (3.10)

where g co, 1s the stomatal conductance to CO,, ¢y is the concentration of CO, at the
leaf surface, and ¢, is the concentration of CO; in the mesophyll cytosol. The stomatal

conductance is assumed :
85.C0, = —(alAn)
S, -
? (Cs VD )

Where a; is an empirical constant adjusted to account for the differences in the ¢,,/c, ratio

(3.11)

and D is the vapor pressure.
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Figure 3.1: Representation of carbon fluxes[22].

The net photosynthetic demand for CO;, A4, 1s modeled with an adjustment to account

for plant water stress,

Ag=A(9,cx,T1) f(w1) (3.12)

Due to the lack of temporal separation of CO, uptake and assimilation in C3 and C4
photosynthesis, the net carbon uptake An equals the net photosynthetic demand Ad for these

photosynthetic types.

A<¢7CX7T}) :min[AC(CX77})7Aq(¢7CX77})] (313)

where A, is the Rubisco-limited photosynthetic rate, A, is the light-limited photosynthetic
rate, T1 is the leaf temperature, cx is the CO2 concentration at the site of the Calvin cycle,
and ¢ is the incoming solar radiation. The relevant CO, concentration c, varies based on the
photosynthetic type. For C3 plants, ¢, is the mesophyll concentration ¢,,; for C4 plants, it is
the bundle sheath concentration cy;.

The effects of water stress reduce the photosynthetic demand according to a ‘vulnerabil-
ity’ function of the leaf water potential, here represented for simplicity as a piecewise linear

function that decreases between the point of onset of water stress, W41, and the point of
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stomatal closure Y40, 1.€
.

Ov lfll/l < lVIAO
T (w) = %, if Wiao < ¥ < Wiag (3.14)
& if y; > Yian

In the C4 plant, the influx of CO; to the bundle sheath cell is driven by the C4 pump and is
modeled by Michaelis-Menten type dependence on the mesophyll cytosol CO, concentration,

¢m- The PEP regeneration rate, Vp is :

. CmVPmax
V = ——— Vp, 3.15
p(cm) mm(cm—l—KP’ p) (3.15)

Leakage of CO, from the bundle sheath cell is modeled as a diffusion flux from the bundle

sheath to the mesophyll cell, i.e.,

Lps(Chss cm) = 8bs(Chs — Cm) (3.16)
It introduced a balance equation for the CO, fluxes into and out of the bundle sheath cell,
i.e.,
Vp(em) = Aa(P, cps, Ti, Wi) + Lis (s, cm) (3.17)
and solve for the CO; concentration in the bundle sheath cell, cp;.
To estimate carbon assimilation given several input data variables, the above equations

were solved using the Photo3 model [22], python code solving the SPAC model for a given

simulation period.

Table 3.1: Photo3 Input Data Variables.

Parameter | Units | Description

Net Radiation | W/m? | Net Radiation

T °C | Temperature

RH Y% Relative humidity
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3.3 Updating the Photo3 Model

Before beginning work on the code, extensive research was conducted in the scientific litera-
ture to understand how the plants present at the site respond, in terms of biomass reduction,
to salinity and submersion conditions. This preliminary study identified the main ecologi-
cal and physiological dynamics characterizing the plant species at the site, providing a solid
foundation for adapting the model. Subsequently, considerations were made on how to mod-
ify the model to integrate this information and improve its ability to represent plant responses
to such environmental stressors. The simulations conducted using site-specific data will then
be presented. The goal of these simulations is to evaluate the model’s response to observed
conditions, aiming to identify potential interventions or further modifications needed to re-
fine the model and achieve a more accurate representation of the studied system for future
challenges.

However, in the specific case under examination, the soil is almost constantly in saturated
conditions due to the presence of a shallow water table.

In this context, it is more appropriate to reformulate the water balance, shifting the focus
from soil moisture to the dynamics of the shallow water table. This approach allows for a
more accurate description of the hydrological processes characterizing the system, including
the interactions between the water table position and soil saturation.

The objective is to develop a water balance that considers the shallow water table as
the main variable, integrating input and output components such as precipitation, evapotran-
spiration, infiltration, capillary rise, and lateral drainage. This modification enables a more
realistic representation of water dynamics in a system dominated by persistent saturation
conditions.

Given the complexity of implementing a stochastic variation of the water table, a sig-
nificant simplification was introduced in this study’s water balance: instead of focusing on

soil moisture variation, soil moisture was treated as a constant variable. This decision was
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made considering that, for most of the time, the soil remains saturated at the study site, as
mentioned earlier, rendering soil moisture variations negligible. Although this represents a
significant approximation, it provides a functional starting point, leaving the implementation
of a water balance based on the variation of the shallow water table as a potential future
challenge, which could offer a more realistic representation of hydrological dynamics.

For this simplification, a new soil class was developed in which soil moisture is main-
tained constant, and salinity is introduced as an input. Salinity values, expressed in ppt (g/L)
and later converted to mol/m3, were provided through an Excel file containing data collected
from the CRMS 2825 station. Simultaneously, data on temperature, relative humidity, and
net radiation, required for the model, were obtained from the eddy covariance station EC.

In the water balance, rainfall was not considered, as in the presence of saturated soil and
constant soil moisture, the impact of precipitation is negligible. This simplified approach
allows for a greater focus on the influence of salinity and other environmental parameters on
plant behavior, providing a solid foundation for future, more complex analyses.

With the introduction of the new class, it was observed that the code initially only read the
first value from the file containing salinity data. This behavior limited the dynamic updating
of values throughout the simulation. To address this issue, a solution was implemented that
integrates the salinity value directly into the main Soil class.

The most important change therefore is to consider the soil water potential governed by
the osmotic potential introduced through Vant’Hoff’s law and the salt filtration coefficient (€).
This implementation allows for a more realistic representation of the effects of salinity on soil
dynamics and plant water status, making the model more suitable for saline environments.

The soil water potential () now is expressed as:
Vs = V-5 2—€-Cs-R-IV - T (3.18)

In the updated version, the Soil class includes salinity among its initialization parameters,

defined as the salt concentration in the soil expressed in mol/m>. Upon initialization, an
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22

empty list associated with the class is created to record all salinity values read during the

simulation progressively. This allows verification that all values have been read correctly.

The potential values are obtained at each iteration, as the salinity concentration is cor-

rectly read and recorded. In addition, a dedicated list for the water potential has been intro-

duced, which is iteratively updated with the values calculated at each simulation step.

class Soil(object):

EVMAX = 1.0

TS = 296. # Soil water temperature
Iv = 2. # Van’t Hoff coefficient
E = 0.95 # Emissivity constant

R = 8.314 # Universal gas constant
def __init__(self, stype, dynamics,

self .PSI_SS = stype.PSI_SS

self .B = stype.B
self .KS = stype.KS
self .N = stype.N
self .SH = stype.SH
self .ZR = zr
self.s = s

self.s_a = []

self.psi_s_a = []

self .dynamics = dynamics
self.cs = cs

self.cs_a = []

def update(self, dt, zr, cs):

qs,
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def

def

def

def

self.s = self.dynamics.snew(self, dt, zr, gs)
self.s_a.append(self.s)

self .psi_s_a.append(self.psi_s(self.s))
self.cs = cs

self.cs_a.append(self.cs)

output (self):
return {’s’: self.s_a, ’psi_s’: self.psi_s_a, ’cs’: self

.cs_a}

leak (self, s):
"""TLeakage (mm/day)"""
try:
return 0.11574 * self.KS * s*x*x(2. x self.B + 3.)
except OverflowError:

return 0.0

psi_s(self, s):
"""S5il Potential (MPa)"""
return self.PSI_SS * (s**x-gself.B) - self.E *x self.cs x*

self .R * self.IV *x self.TS x 1le-6

evap(self, s):

"""Soil evaporation rate, per unit ground area (mm/day)

if s > self.SH:
return self.EVMAX *x (s - self.SH) / (1. - self.SH)
else:

return 0.0
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In the main file (Main), the modification consists of integrating the salinity value ‘csInp[i]‘
within the iteration. This value represents the current element of the list containing salinity
data, previously read and recorded.

This change allows the salinity parameter to be dynamically updated at each iteration,
ensuring that the model accounts for the temporal variation of salinity values throughout the

simulation.

# Initialize the simulation object with relevant modules

plant = Simulation(species, atmosphere, soil, photo, hydro)

# Loop through simulation steps

for i in range(steps(duration, int(timestepM))):

# Update the plant model at each timestep with the provided
inputs
plant .update (
dt, # Timestep duration (\si{\secondl})
phiInp[i], # Incoming solar radiation (\si{\watt\per\
metre\squared})
talnp[i], # Air temperature (\si{\degreeCelsius})
galnp[i], # Specific humidity (\si{\kilogram\per\
kilogram})
csInpl[il] # Soil salinity concentration (\si{\mole\per

\metre\cubed})

The data available from the EC stations have been compiled into two Excel files ("Dati
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LA3” and ”Dati LA2”). In these files, some values are labeled as ’NaN’, indicating missing or
unavailable data. Since the original code did not account for missing data, a new section was
implemented to handle this issue. The modified code reads all values from the Excel files and,
when encountering a missing value (NaN), skips it and proceeds to the next available data
point. This approach ensures uninterrupted iterations and extends the visualization period,
providing a more comprehensive analysis of the dataset.

The primary goal is to ensure that:The model’s iterations skip invalid values without in-

terrupting the simulation.
* The model’s iterations skip invalid values without interrupting the simulation;

* The model’s outputs retain the temporal gaps to preserve the consistency of the time

series.

To address this issue, a modification was made to the simulation’s main loop. When one of

the inputs is identified as NaN, the model:
* Skips the calculations for the current iteration.

* Records a NaN value for all model outputs, thereby maintaining the temporal structure

of the results.

This approach ensures the robustness of the simulation while accurately representing missing

data within the output.

results = {}
initial_output = plant.output() # Retrieve the structure of the

output keys

# Initialize the dictionary with output keys and empty lists
for key in initial_output.keys():

results [key] = []
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# Main iteration loop
for i in range(steps(duration, int(timestepM))):
# Check if any input is NaN
if np.isnan(phiInp[i]) or np.isnan(taInp[i]) or np.isnan(
qaInp[i]) or np.isnan(csInp[i]):
# Add NaN to all output keys
for key in results.keys ():
results [key].append (np.nan)

continue # Skip to the next iteration

# Update the model with valid values

plant .update(dt, phiInpl[il, taInplil, qalInpl[il, csInpl[il])

# Save the updated outputs

current_output = plant.output ()

for key in current_output.keys():
results [key].append(current_output [key][-1]) # Append

the latest updated value

Regarding the species class, the Photo3 model was originally designed for tall trees living
in arid climates. Therefore, a key adjustment involved developing a new class adapted to plant
species at our study site, with a particular emphasis on creating a specific class for Spartina
Patens, the dominant vegetation in the salt marsh ecosystem. In the following, information
from the literature on this plant species is provided [54]. Spartina Patens, also known as
saltmeadow cordgrass, is a perennial bunchgrass characterized by a summer growth cycle and
a photosynthetic mechanism of C4. The plant height typically ranges from 0.3 to 1.5 m, with

growth occurring individually or in small clumps derived from thin, threadlike, and widely
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spread rhizomes. This species is adapted to a variety of coastal environments, including salt
meadows, low dunes, sandy flats, beaches, overused areas, and high salt marshes.

The edaphic conditions in which S. Patens thrives are broadly categorized into two types:
(1) peat deposits of variable depth and (2) mineral soils formed from washout materials or
deposits left by tidal and wave action. In Louisiana, S. Patens is a dominant species exclusive
to salt meadows, where it constitutes over 50% of the total vegetation. Although abundant in
salt meadows, its presence in saline marshes is relatively rare.

The soil water salinity in which S. Patens grows range from 0.12% to 3.91%, with the
species being most abundant in environments characterized by relatively low salinity and
water levels. This tolerance and adaptability make S. Patens a crucial component of salt
marsh ecosystems, contributing to soil stability and the mitigation of coastal erosion.

Assigning specific hydrological and photosynthetic parameters for S. Patens posed a chal-
lenge due to the limited availability of species-specific studies in the scientific literature.
For photosynthetic parameters, it was necessary to refer to generally accepted values for C4
species, using previously identified parameters as a reference. For hydrological parameters,
values reported in the literature for plants with similar characteristics or for S. Patens them-
selves were initially assigned, and subsequently adjusted to optimize the fit of the model to
the observed data from the study site. This iterative approach allowed for the refinement of
parameters, ensuring a more accurate representation of the hydrological and photosynthetic
behavior of the species within the model’s context.

For the soil classification, the LOAMYSAND type was chosen, and the parameters are
form [12]. This decision is based on the analysis conducted in the previous chapter, which
considers the characteristics of the two study sites and aligns with the data provided by the

CRMS.
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Table 3.3: Soil parameters.

Parameters

K, (cmd™!)

Vs (MPa)

Sh

Values

100

-1.7 x1074

4.38

0.42

0.08
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4. Results

The results presented below will demonstrate the model’s adaptation to the data observed
from the EC station, recalling that it is a validation of a qualitative nature. This will provide
a reference to assess whether the model can be considered representative.

As previously described, the model allows the evaluation of transpiration and assimilation
fluxes over a one-year period during which the vegetation is subjected to saline stress. It is
important to emphasize that the fluxes derived from the data do not exclusively account for
contributions from the vegetation in the specific study area. Instead, these fluxes represent
a larger spatial area, defined as the “’footprint,” which includes inputs from various elements
within the observed domain. Consequently, it is expected that discrepancies may arise, and a
perfect correspondence between the estimated fluxes and those specific to the individual veg-
etation cannot be achieved. Moreover, as will be emphasized later, while the model simulates
only transpiration values, the fluxes provided by the EC station represent evapotranspiration.
This will require further analysis to better compare the values. Nevertheless, the collected
data provide a valuable order of magnitude that remains comparable and useful for the analy-
ses. This comparability allows the results to be contextualized within a broader spatial scale,
offering meaningful insights into eco-physiological processes and environmental dynamics.
Moreover, as can be observed from the following graphs, when a larger area is considered,
significant data gaps emerge. This phenomenon is primarily due to the numerous missing
values in the input data provided to the model, such as temperature, relative humidity, and
radiation. Additionally, it is important to note that the values used in the salinity model do
not represent soil salinity but rather the salinity of the water body. This, in turn, constitutes
another important assumption to consider. For the Breakmarsh site, in the year 2022, the

simulations for both transpiration and assimilation are as follows.
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Figure 4.1: Transpiration rate form the model and from EC-LA3 for the entire year of 2022.
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Figure 4.2: Carbon Assimilation rate form the model and from EC-LA3 for the entire year of

2022
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Figure 4.3: (a) Cumulative Transpiration and (b) Cumulative Carbon Assimilation.

The first two graphs depict the comparison between the daily values obtained from the
EC station under examination and the model outputs, while the subsequent graphs illustrate
the cumulative values to provide a long-term perspective on productivity trends. This initial
result, as presented, does not clearly allow us to assess whether the model performs well. The
simulation’s time span is too extensive, making it challenging to closely observe the detailed
dynamics. Therefore, a second analysis was conducted.

The objective of the second analysis was to compute and visualize the daily average fluxes

for each hour of the day based on the recorded dataset. The methodology was structured as

follows.

Data processing :

* The dataset containing flux measurements and corresponding temporal information

was loaded.

* Missing values (NaN) were removed to ensure the accuracy and reliability of statistical

computations.
* Each timestamp was analyzed to extract the hour of the day, enabling the data to be
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grouped into hourly intervals.

Statistical Analysis: For each hour of the day (ranging from O to 23), the following statistical

metrics were calculated:
* Mean Flux: To determine the central tendency of the flux values for each hour.

e Standard Deviation: To quantify the variability of the flux data within each hourly

group.

 Standard Error of the Mean (SEM): To represent the statistical uncertainty associated

with the computed mean flux values.
* Handling Missing Hours

* To ensure a comprehensive representation, all hours of the day were included in the

analysis, even if no data were available for some intervals.

* For hours with missing data, the mean flux and standard error values were set to zero,

enabling a uniform and complete depiction of the flux patterns across the day.
Results Visualization:

* A detailed graph was produced to illustrate the average daily flux pattern across all

hours of the day.

* Error bars were included to visually represent the standard error of the mean, providing

an indication of the uncertainty associated with the calculated hourly flux averages.
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Figure 4.4: (a) Average Daily Transpiration Flux (b) Average Daily CO, Flux.
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A daily average of the respective fluxes was computed to better visualize the trend and
the deviations between the model and the EC station data. As mentioned earlier, the model
outputs represent transpiration alone, without accounting for evaporation. To provide a more
detailed analysis, the same computation was repeated, dividing the data across the four sea-
sons. This seasonal breakdown allows us to observe how the model performs during periods
when evaporation is minimal—particularly in winter—offering an opportunity to evaluate

whether the model can more accurately reproduce the EC station data under such conditions.

Season: Summer

Season: Spring
T

ET (mm/day)
'S

ET (mm/day)

0 - 0 L
00:00 06:00 12:00 18:00 24:00 00:00 06:00 12:00 18:00 24:00
Time of Day Time of Day
Season: Autumn Season: Winter
10 T 10 T
8r 8
3 st g ef
; 4+ 1 = 4r 1
[ =
- F 3
1 /;H-‘_X\’\\ 7 2 J_—K‘Eﬁ—{/% 7
- - - - — — — 1 e — O'_ L
00:00 06:00 12:00 18:00 24:00 00:00 06:00 12:00 18:00 24:00

Time of Day Time of Day

Figure 4.5: Average Daily Transpiration Flux by season.

The figure above illustrates the seasonal average daily flux patterns for evapotranspiration
(ET) and transpiration (Tr) across four seasons: spring, summer, autumn, and winter. The
fluxes derived from the EC station (ET, blue line) represent total evapotranspiration, which
includes both vegetation transpiration and soil evaporation. In contrast, the fluxes simulated
by the model (Tr, red line) exclusively represent transpiration from vegetation.

Seasonal Observations:

Spring and Summer:
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* Both evapotranspiration and transpiration fluxes exhibit a pronounced diurnal cycle,

with peak values occurring around midday.

* The model underestimates the total flux (ET), as expected, since it does not account
for soil evaporation. This difference is more pronounced during summer, likely due to
higher soil evaporation rates caused by elevated temperatures and greater solar radia-

tion.
Autumn:

* The diurnal patterns are still evident but with reduced peak values compared to spring

and summer. This consists of shorter daylight hours and lower temperatures.

* The gap between ET and Tr remains present, though slightly narrower than in summer,

suggesting reduced soil evaporation during cooler conditions.
Winter:

* Both ET and Tr show significantly lower flux values, reflecting reduced vegetation
activity and limited evaporation due to low temperatures and potentially higher soil

moisture levels.

* The model aligns more closely with EC data during winter, as soil evaporation is likely

minimal in these conditions.

This comparison highlights the need for further analysis to isolate and quantify the soil
evaporation component from the EC fluxes. Incorporating this distinction could enhance the
model’s applicability in representing the overall water fluxes in the system. Additionally,
the observed seasonal differences emphasize the importance of accounting for environmental
variables such as temperature, solar radiation, and soil moisture when interpreting evapotran-

spiration and transpiration dynamics.
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The analysis was also conducted for carbon assimilation focusing on the seasonal dynam-

ics of CO; uptake by vegetation.
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Figure 4.6: Average Daily CO, Flux by season.

4.1 Winter Season, without Submersion

During the winter season, characterized by minimal evaporation, the model exhibits a closer
alignment with the observed data. To further explore the impact of submersion on the accu-
racy of the model’s predictions, a focused analysis was performed.

As illustrated in the graph below, by excluding days in the time series when the plants were
submerged, a marked improvement in the model’s ability to approximate the observed data
was achieved. This observation underscores the role of submersion as a critical factor intro-
ducing variability that the current model framework is not fully equipped to account for. The
results suggest that submersion dynamics should be explicitly incorporated into the model

to enhance its capacity to simulate the complex interactions between hydrological conditions
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and plant physiological responses.
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Figure 4.7: Average Daily Transpiration Flux, during the winter season in which the submer-

sion period is removed.

To better visualize the effect of salinity on transpiration, six winter days were selected
during which the model exhibited a better approximation to the observed data. These days
were then compared with a separate set of winter days recorded at the station where Sagittaria
lancifolia is present.

This comparative analysis aims to highlight the influence of salinity under similar sea-

sonal conditions, providing a clearer understanding of how this stressor impacts transpiration
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dynamics in the two scenarios.

A period was selected to isolate the effects of stress attributable solely to salinity char-
acterized by lower salinity levels, ranging from 8 to 14 ppt, and the absence of significant
submersion. This choice enabled an exclusive evaluation of the plant’s response to salt stress.
In the first phase of the analysis, the class of halophytes, an experimental framework derived
from [37] study, was considered by introducing a minimal reservoir into the model. This
choice was justified by the limited ability of S. Patens to tolerate high salinity levels. How-
ever, due to the complexity of quantifying the reservoir capacity and the fact that S. Patens,
being a smaller plant compared to species like mangroves, possesses a minimal capacitance,
so it was concluded that its impact on the model would be negligible. Furthermore, the salin-
ity levels recorded during the drought were still far above the species’ maximum tolerance
threshold.

Consequently, the analysis focused on the HydroNC class, which does not include any
reservoir. In this approach, a simplified SPAC model was used, as illustrated in Figure 1.11
(a). In this configuration, no salinity reduction functions were applied; instead, salinity data
were directly integrated into the model using values collected from the CRMS site, as previ-
ously described.

By directly introducing salinity levels and modifying the soil class to include osmotic
potential, using Van’t Hoff’s law as previously described, it was possible to significantly
reduce the total soil water potential due to the presence of salts. Additionally, for all analyses,
a constant soil moisture value of 0.9 was assumed. As a result, the soil water potential
depended almost exclusively on the osmotic component, which in turn was determined by
the salt concentration.

This approach allowed for a more precise analysis of the effects of salinity, eliminating
interference from submersion and improving the understanding of the model’s behavior under

specific site conditions.
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Figure 4.8: Transpiration Rate from EC-LA3 and model for during six days of winter season,

without submersion period.

To gain a deeper understanding of the program’s functionality and to analyze more con-

cretely the impact of high salinity levels, data from the EC-LA?2 station, located in a ”fresh

marsh” environment, were used. In this context, the dominant species is Sagittaria lancifolia,

a plant belonging to the C3 photosynthetic group.

In this site, salinity levels are relatively low, ranging between 0.15 and 0.17 ppt, values

that do not induce salinity stress, as described in Chapter 2. For the specific case of S.

lancifolia, the default parameters of the Photo3 model for C3 plants were primarily used,

with some adjustments. Specifically, the average root length was set to 0.6 m, based on

CRMS data, and the Leaf Area Index (LAI) was fixed at 4, consistent with values reported in

the literature [61].
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Figure 4.9: Transpiration Rate from EC-LA2 and model for during six days of winter season,

without submersion period.

The graphs below illustrate the model’s response for the ”fresh” site case. A time period
was selected in which all necessary data were available and coincided with a period without
submersion, to highlight how very low salinity levels can produce effects different from the
previous case.

This is particularly evident in the evapotranspiration (ET) values, which are significantly
higher compared to the site characterized by higher salinity levels. These results confirm that
salinity negatively affects the physiological processes of plants, reducing ET rates, and em-
phasize the importance of considering such parameters in simulations to achieve an accurate
representation of the environmental effects on the vegetative system.

As shown in the graphs, in the case of ET, the model tends to slightly overestimate the
observed data. This discrepancy could be attributed to the fact that the parameters used in

the model are not fully representative of the plant species present at the site. However, this
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still provides a valid point of comparison and allows for useful observations in the overall
analysis.

This comparison highlights that transpiration is significantly lower at the site where veg-
etation is subjected to stress throughout the entire study period, in contrast to the second site,

where vegetation never experiences saline stress.

4.2 Estimation of Evaporation

An additional analysis was conducted to estimate evaporation from free water surfaces using
data provided by the eddy covariance (EC) station. EC data provide evapotranspiration (ET)
values, while the model considers transpiration only. This discrepancy represents one of
the main causes of divergence between the model results and observed data. To reduce this
gap, evaporation was estimated and subtracted from the ET values to achieve a better match
between the model and the observations.

Wetlands are considered free water surfaces. These are transitional areas between aquatic
and terrestrial ecosystems, characterized by soils that are saturated or submerged for signifi-
cant periods [39]. In contrast, a free water surface typically refers to uncovered water bodies
(such as lakes, ponds, or channels) where evaporation occurs directly from exposed water,
without the direct influence of vegetation or soil.

In wetlands, evaporation can be influenced by:

* The presence of emergent vegetation, which reduces direct evaporation from water but

contributes to transpiration [39];
* The coverage of saturated soil, which interacts with the overall water balance [39].

A more precise analysis should differentiate between evaporation from free water surfaces

and transpiration by vegetation, integrating both into the water balance. However, to obtain
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an approximate estimate for practical considerations, a combined Aerodynamic method and
Energy balance method was employed.

The two main factors influencing evaporation from an open water surface are the supply
of energy to provide the latent heat of vaporization and the ability to transport the vapor away
from the evaporative surface. Solar radiation is the main source of heat energy. The ability
to transport vapor away from the evaporative surface depends on the wind velocity over the
surface and the specific humidity gradient in the air above it. [9]

To develop continuity and energy equations applicable to the evaporation phenomenon,
we consider the case of evaporation measured using an evaporation pan, as illustrated in figure
below . An evaporation pan is a circular container filled with water, where the evaporation
rate is determined by monitoring the lowering of the water surface. A control surface is
defined around the pan, encompassing both the contained water and the overlying air [9].

Considering a unit of water surface area, the primary source of thermal energy is the net
radiation flux R,, measured in watts per square meter. The water transfers a sensible heat flux
H; to the overlying air and a ground heat flux G. Therefore, the energy balance equation is
expressed as:

Z—Ijan—Hs—G 4.1)

Assuming that the water temperature within the control volume remains constant over
time, the only change in stored energy within the control volume is represented by the varia-
tion in the internal energy of the evaporated water, equal to A,m,, where A, is the latent heat
of vaporization [9].

Replacing m, with A = 1m? and neglecting the ground heat flux G, evaporation can be

expressed as:
R,—G

" AP

However, this method does not provide reliable and usable results, as it represents an

E (4.2)

estimate with overly simplified assumptions.
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Figure 4.10: Control Volume defined for continuity and energy equation development for an

evaporation pan [9].

Subsequently, the aerodynamic method [9] was applied, providing results more consistent
with local conditions. This approach allowed for a refinement of the modeled transpiration
estimate, thereby improving comparability with observed data.

The aerodynamic method is based on the supply of thermal energy, the second factor
controlling the evaporation rate from a free water surface is the ability to transport vapor
away from the surface. The transport rate is determined by the humidity gradient in the air
near the surface and the wind speed blowing over it. These two processes can be analyzed
by coupling the equations for mass transport and momentum in the air[9]. In the control
volume shown in figure below, we consider a horizontal plane of unit area located at a height

z above the surface. The vapor flux, per unit area, which corresponds to the evaporation rate
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E,, moving upward across the plane by convection, is described by the equation:
E,=B(es—eq) (4.3)

Where the evaporation rate E, as proportional to the difference between the saturated

vapor pressure e, and the actual vapor pressure e,;, multiplied by a coefficient B:

622k
p 20 kp"”22 4.4)

Where:

¢ k: von Karman constant,

* pg: air density,

* up: wind speed at height z;,

* p: atmospheric pressure,

* p,: water density,

* 7p: wind height above the surface,

* zo: surface roughness length.
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Figure 4.11: Evaporation from an open water surface [9].
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The parameters, such as wind speed, height z5, atmospheric pressure, and temperature,
used to calculate evaporation, were obtained from the eddy covariance (EC) station.
The combined method is given by:

A Y

E=—FE+—E
A+y ’+A+y “

(4.5)

where 7 is the psychrometric constant and A is the gradient of the saturated vapor pressure
curve at air temperature 7.

Following this analysis, the comparison between the daily average of the various fluxes
was revisited, incorporating the evaporation estimate calculated using the aerodynamic method,
which was subsequently subtracted from the evapotranspiration flux. As shown in the follow-
ing result, the model appears to slightly overestimate the transpiration data compared to the

observed values.
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Figure 4.12: Average Transpiration flux and Evaporation.

As noted earlier, when using an estimate of evaporation based on a free water surface, the
model accurately represents environments with large submerged areas or open water bodies.
However, in wetland areas, the presence of vegetation, saturated soils and micro soils intro-
duces variables that can alter evaporation rates. This leads to discrepancies between estimated
and actual values, as the contribution of vegetation (e.g. transpiration), uneven surfaces and
land cover alters the microclimate and, consequently, evaporation.

By only considering periods when the surface is actually submerged (water level ; marsh
elevation), the estimation becomes more representative of actual wetland conditions, as it

excludes data on non-submerged conditions, where evaporation follows different dynamics.
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The improvement in accuracy is modest due to the limited amount of data available, which
may adversely affect the robustness of statistical analyses.

Although the filtered data are not perfect, the decision to focus only on the submergence
period reduces the noise introduced by unrepresentative conditions (e.g. transpiration of
dominant vegetation) and strengthens the correlation between the evaporation model and the

reality of submerged wetlands.

A limited dataset makes it difficult to draw firm conclusions, but still supports the idea

that the filter slightly improves the quality of the estimate.
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Figure 4.13: Average Daily Transpiration and Evaporation flux by season, during submersion

time.
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5. Model Limitations and Future Considerations

5.1 Model Limitations

This study represents a preliminary step in research focused on wetlands, an ecosystem that
remains underexplored. The adopted approach aimed to provide a simplified description of
the system, acknowledging the inevitable gaps and limitations. During the research period,
additional investigations were conducted to identify potential improvements to the applied
model. However, due to the uncertainty and lack of site-specific data, a simplified methodol-
ogy was employed, allowing for the development of a model that could be representative of
the system, despite its known limitations.

The Photo3 model, used in this thesis to simulate transpiration and carbon assimilation
values for the two plant species under investigation, was applied in a context characterized by
high salinity stress caused by the severe drought of 2022. While effective in certain aspects,
the model presents several limitations that require attention.

One major limitation lies in its water balance approach, which is based on soil moisture
variation. This approach proves inadequate for the study area, where soils are frequently
saturated or submerged. Such a simplification introduces significant errors. To address this
issue, strategies are proposed in this work, including the introduction of reduction functions
to account for plant submergence.

Another significant limitation is that the model was originally developed for plants adapted
to arid or semi-arid climates and not for species typical of wetlands. The absence of mecha-
nisms to represent the effects of submergence—a critical stressor for wetland plants—affects
the model’s ability to accurately capture the physiological dynamics of the studied species.

Additionally, the model was designed primarily for shrubs with significant height, whereas

the plants analyzed in this thesis, such as S. Patens and S.Lancifolia, exhibit distinct morpho-
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logical characteristics. This discrepancy inevitably led to divergences between the model’s
simulations and the observed data.

The treatment of salinity is another area for improvement. In the current version of the
model, salinity is directly introduced as a salt concentration without explicitly considering
osmoregulation mechanisms or the complex interactions between salinity and plant physi-
ology. Throughout this work, alternative functions have been proposed to better integrate
salinity into future model developments.

A further limitation pertains to the data used for model validation. Although the initial in-
tent was to focus the study on the Bird Foot Delta area, the available data primarily originated
from EC and CRMS stations located further north. This choice was dictated by the instability
and frequent submergence of the Bird Foot area, which made the installation of monitor-
ing stations impractical. Additionally, the collected data contained numerous temporal gaps,
preventing complete coverage of the year 2022.

The data observed from the eddy covariance (EC) station correspond to a spatial scale sig-
nificantly larger than the one under study. Moreover, the EC provides measurements of total
evapotranspiration, which were used for comparisons with the transpiration-only values sim-
ulated by the model. Although an attempt was made to estimate the evaporation component
through approximations and simplifications, this introduced additional limitations, hindering
the ability to achieve a fully reliable comparison.

Finally, it is important to highlight the challenges in obtaining specific parameters for
the species S. Patens and S. Lancifolia The literature on these plants is limited, and in most
cases, general values or data derived from studies on similar species had to be used. This

compromises the model’s ability to accurately reflect the reality of the studied system.
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5.2 Future Considerations

5.2.1 Dynamic of Water Table

Wetlands are areas inundated or saturated by surface water at a frequency and duration suffi-
cient to support a prevalence of vegetation typically adapted for life in saturated soil condi-
tions. They are characterized as having a water table that stands frequently at or near the land
surface [51].

To better represent the hydrologic function of vegetation in coastal wetlands, it is most
useful to concentrate attention on the dynamics of the water table instead of soil moisture,
which is always more or less equal to one. Here, we are dealing with a water table under saline
conditions. The salinity-dependent dynamics of the saturation depth, y, in a homogeneous
soil column, can be formulated as :

dy

Bly)-, =Re() +ET(y|C) + fI(y) (5.1)

where B(y) represents the specific yield defined as the ratio between the water volume
released from the storage and the corresponding variation in water level.Re(y) is the ground-
water recharge rate forced by precipitation, and ET(y—C) is the evapotranspiration rate for
a given level of salinization. The function fl(y) describes the lateral flow to or from the sea,
considered here as the main external water body. Whereas water availability does not limit
ET in SWT conditions, the presence of soluble salts in the soil increases the energy plants
require to uptake water, thus reducing Transpiration. We have the time series for water level,
rainfall, and evapotranspiration. Therefore, the model can be solved for the changes in lateral
flows. This application could serve as an important starting point for future works to repre-

sent the ecosystem better.
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5.2.2 Salty Soil

The Photo3 model provides several options for simulating soil dynamics. The study of [63]
introduces a significant modification by adding a new class, called Salty Soil, to account for
the effects of saline soil. This modification is relevant for the present study, as both analyzed
sites exhibit salinity concentrations, which are higher in the case of the salt marsh site.

The study [63] defines the Salty Soil class starting from two initial parameters: soil mois-
ture Sop and initial salinity concentration Cyy. The initial mass of salt in the soil (M) is
calculated as:

My =Csxo-Z,-N-So

where Z, represents root depth, and N is soil porosity.

In each model iteration, the soil salt concentration is updated assuming that the mass of
salt (M) remains constant while soil moisture varies. The new concentration is then calcu-
lated using a simple dilution equation, which accounts for the amount of water present in the
soil.

It could be considered to work on this function by also allowing the mass to vary instead
of considering it constant, making the situation more realistic. As previously discussed in
this thesis study, salt concentration was introduced as an input due to the availability of data.

However, this method could prove useful when such data are not available.

Another possible modification, as an alternative to the previous one, to integrate the
effects of soil salinity could involve introducing a reduction function applied to the total
biomass (see section 6.2.4). This approach would be analogous to that used to represent
the effect of submersion, thus modeling the impact of salinity on the overall productivity of
plants.

To analyze these functions, references were made to studies available in the literature to

gather sufficient data to evaluate the response of the two plant species under investigation.
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Specifically, the reduction levels in total biomass were analyzed as a function of increasing
soil salinity concentrations, to define a quantitative relationship that accurately describes the
effect of salinity on plant growth.

For Spartina Patens, the available data are best described by a Gaussian function, while
for Sagittaria Lancifolia, a linear function proves more appropriate.

The study [38], used as a reference for Spartina Patens, provides specific data for to-
tal biomass, obtained by summing aboveground and belowground biomass, which exhibit a
linear correlation. The total biomass reduction function, shown in the following figure, in-
dicates that the species’ maximum productivity occurs at a salinity level of 5 ppt. Beyond
this threshold, productivity progressively decreases with increasing salinity, reflecting the
previously analyzed salt tolerance of Spartina Patens.
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Figure 5.1: Graphical representation of the reduction function for Spartina patens in relation
to total biomass. This function describes how biomass is reduced under specific conditions
based on the modeled input. The graph illustrates the relationship between salinity and the

fraction of biomass applied to the total biomass, using a Gaussian fit to represent the observed

data.
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In the case of Sagittaria lancifolia, the available data were extracted from study [54],
which unfortunately reports only three samples corresponding to three different salinity lev-
els: 0, 3, and 6 ppt. Higher salinity levels were not tested, as this species predominantly
develops in low-salinity environments and exhibits poor tolerance to more extreme saline
conditions.

As shown in the graph below, the trend of the total biomass reduction function follows
a linear relationship, consistent with the collected data. This highlights the sensitivity of
Sagittaria lancifolia to salinity, confirming its limited adaptability to ecosystems with high

salt concentrations.
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Figure 5.2: Graphical representation of the linear reduction function for Sagittaria Lancifolia
with the Total Biomass. This function describes how biomass is reduced under specific con-
ditions based on the modeled input. The graph illustrates the relationship between salinity

and the fraction of biomass applied to the total biomass, using a Linear fit to represent the

observed data
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5.2.3 Concentration of the salt in the plant

The work [63] added a critical component to the Photo3 model by incorporating salt concen-
tration into the plant’s internal water storage. This adjustment allowed the model to account
for salt-tolerant plants that use osmoregulation as a strategy to manage saline environments.
By including salt concentration within the storage capacity, the model can simulate how these
plants regulate internal solute levels to maintain water uptake and sustain physiological func-
tions in saline conditions. This addition enhances the model’s ability to represent the adaptive
responses of salt-tolerant species in ecosystems such as wetlands. For this part, the concen-
tration of the salt in the plant C,, was in the storage for the Halophyte with an initial value of

C,, The water potential of the water storage tissue now is given by:

vw
VWT

D,
sz( —D1> —Cw-R-Iy-Tp-107° (5.2)

Updating the existing hydraulics class HydroCap, The Halophyte class calculates the po-

tential of the storage component as a function of soil salinity.

5.2.4 Biomass accumulation

To model the biomass accumulation, the Photo3 model was also updated, by [37], to include
biomass calculations. The changes in total biomass B is given by the net carbon assimilation
An (this accounts for leaf respiration) less the root respiration Rr and growth respiration Rg
[23].

DB

The biomass accumulated goes to building different parts of the tree. One important ratio,

necessary for estimating the root biomass Br, is the below-to-above-ground biomass ratio, or
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root ratio r,. The root biomass accumulation rate is given by a linear relationship between

the total biomass accumulation rate and r,.

DB, DB
=7, —
dt "dt

Growth respiration is assumed to be a constant fraction of the net carbon assimilation as

(5.4)

observed in C3 and C4 photosynthetic plants :
Rq(An) = MeAn (5.5)

Where 1, is a growth respiration constant taken as 0.3 gC g-1 C (Weng et al. 2014). The
root maintenance respiration is given following [46], with modifications to account for water

stress, as:
Ry = Brfa(Th) fr(Th) fyi(wi1) By (5.6)

The B, root respiration coefficient is equal to 1.25 per year [45]. The respiration is affected

by temperature through a modified Arrhenius function, f4, following Leuning,

£u(T}) = exp (k <Tio - Til)) 5.7)

where k =3,000 and 7j is a reference temperature of 288K; and by a thermal inhibition

function, fr, given by
T 1+ exp(0.4(T, — Ty)))

where TL and TH are the low and high temperatures below and above which respiration is

limited ( TL=278 K, TH=318 K).

(5.8)

As highlighted earlier, submergence is a critical factor in determining evapotranspiration
and assimilation fluxes. The fact that plants spend much of their life cycle under submerged
conditions significantly affects their productivity.

When plants begin to be submerged, growth and productivity are compromised, result-

ing in a reduction in biomass accumulation. Given the complexity of these interactions,
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submergence can be incorporated into the model through a reduction function based on the
percentage of time plants remain submerged. This approach enables the application of a re-
duction coefficient directly to the variation in total biomass, simplifying the analysis of the
effects of prolonged submergence.

However, in the absence of site-specific data to analyze variations in the total biomass
of the plant species of interest, a literature review was conducted. This analysis identified
previous studies correlating plant total biomass with the percentage of time of inundation. In
some cases, available data allowed for a more precise model fit, while in others, due to the
limited availability of sampling data, the fit was less accurate.

Building on the implementation of the total biomass calculation in the Photo3 model,
introduced in [37] as described in the Biomass Accumulation section, the aim is to intro-
duce a further modification to adapt the model to the specific conditions of wetlands. These
ecosystems exhibit unique characteristics that require a more detailed and tailored-modeling
approach to accurately represent their ecophysiological and biophysical processes.

Below, the reduction functions for the two species of interest, Spartina patens and Sagit-
taria lancifolia, are illustrated. For both, experimental data are best approximated by an
exponential regression function, although in the case of Spartina Patens, the fit is notably
more accurate.

For Spartina Patens, study [55] shows that both aboveground and belowground biomass
decrease with increasing hydroperiod. Specifically, an exponential regression function fits the
data almost perfectly, showing that biomass approaches zero when the duration of inundation
reaches 100%. Additionally, comparing aboveground and belowground biomass values, it is
evident that the latter decreases more rapidly than the former. The study also highlights that,
at the analyzed site, S. patens exhibits a regression coefficient of greater magnitude than that
of Spartina alterniflora, studied in the same context.

Studies such as [55] have documented a reduction in aboveground biomass in perma-

nently flooded Breakmarsh sites compared to intermittently flooded riverbank margins. These
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findings suggest that soils subjected to prolonged waterlogging can accumulate toxic sulfides,
causing plant stress due to the reduction of redox potential below critical thresholds.

Mesocosm experiments [57] have further demonstrated that a 30 cm increase in inunda-
tion depth for S. patens can lead to a nearly 40% reduction in total biomass. The results of
these studies confirm findings from numerous other investigations, underscoring the crucial
role of hydrological regimes in determining sediment aeration conditions and, consequently,
the physiological performance of wetland plants.

In both cases, to define the reduction function, the functions related to the individual
compartments (aboveground and belowground) were initially analyzed. Subsequently, by
summing the two compartments, the total biomass values were calculated.

The resulting fit function was then normalized to the maximum value on the y-axis, to
obtain a reduction factor between 0 and 1. This approach allows for a consistent and stan-
dardized representation of the relative variation in total biomass as a function of inundation
time or hydrological regime, facilitating the integration of the function into the model. The y-
values thus indicate the reduction factor to be applied to the total biomass for each inundation

time X.
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Figure 5.3: (a) Aboveground Biomass and (b)Belowground Biomass of Spartina Patens
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Figure 5.4: Graphical representation of the exponential reduction function for Spartina
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nential fit to represent the observed data.
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Regarding Sagittaria lancifolia, unlike the case of Spartina Patens, the only study found
in the literature providing data on biomass variation as a function of inundation time un-
fortunately includes a limited number of sampling points. This constrains the certainty in
interpreting the behavior of the species.

From the reported graphs, the aboveground biomass exhibits a non-linear trend: it initially
decreases and then shows an increase in a later phase. In contrast, the belowground biomass
follows a clear exponential decay pattern.

When considering the total biomass, the resulting fit is represented by an exponential
function, but with a significant difference compared to Spartina patens: in the case of Sagit-
taria lancifolia, total biomass does not approach zero even when the percentage of inundation
time reaches 100%. This behavior suggests a greater adaptability of S. lancifolia to prolonged
submergence conditions, potentially attributable to specific ecophysiological strategies that

allow it to sustain a certain level of productivity even under extreme conditions.
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Figure 5.5: (a) Aboveground Biomass and (b)Belowground Biomass of Sagittaria Lancifolia

A further proposed modification, following the introduction of biomass accumulation,

involves revising the Root Area Index (RAI), which is used in calculating soil-to-root con-
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Figure 5.6: Graphical representation of the exponential reduction function for Sagittaria Lan-
cifolia in relation to the Total Biomas. The graph illustrates the relationship between % time
of inundation and the fraction of biomass applied to the total biomass, using an exponential

fit to represent the observed data.

ductance, g,. Currently, in the Photo 3 model, the RAI is defined by the following formula:

RAI = RAIL, - s~ 8 (5.9)

Where:
* RAI, represents the index under optimal drainage conditions;
* The exponent describes the response of the root area as a function of soil moisture.

A modification that could be made would be to relate RAI directly to root biomass, cal-
culated as the product of the ratio of below-ground (root) biomass to above-ground biomass
and the change in total biomass.

Furthermore, by assigning a percentage to the fraction of biomass occupied by roots, the

RALI can be defined as a portion of the below-ground biomass. This approach ensures that
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the root area is affected by the reductions that occur when the plant is submerged, as has just
been explained.

For a complete understanding of the rationale behind the study of integrating the effects
of salinity and submergence on roots, please refer to Appendix B.

Translated with DeepL.com (free version)
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6. Conclusions

The Mississippi Delta, one of the most important and complex coastal ecosystems in the
world, represents an environment characterized by a delicate balance between natural pro-
cesses and anthropogenic pressures. Covering an area of approximately 11,000 km?, the
delta hosts 37% of the estuarine marshes in the United States, serving as a habitat for unique
biodiversity and providing natural protection against coastal erosion. In recent decades, the
delta has experienced a significant loss of wetlands, estimated at over 3,950 km? since 1930,
due to subsidence, sea level rise, and saline intrusion. Freshwater and brackish marshes, key
elements for the ecological stability of the delta, are particularly vulnerable to these changes.
This thesis focuses specifically on the effects of salt stress.

Salt stress, as illustrated, is one of the primary factors negatively impacting plant growth
in the Mississippi Delta wetlands. The effects of salt stress occur in two main phases. The
first, the osmotic phase, occurs almost immediately with the increase in soil salinity levels,
reducing water potential and compromising the roots’ ability to absorb water. This leads to
reduced leaf growth, decreased root extension, and lower stomatal conductance, ultimately
diminishing productivity. The second, the ionic phase, manifests later with the accumula-
tion of toxic ions in leaf tissues, causing premature senescence in mature leaves. Plants are
capable of implementing osmoregulation mechanisms, depending on their tolerance levels,
enabling them to survive under such conditions.

The choice of the study site was guided by the need to obtain as much data as possible
to support and validate the model. The analysis site, located near the Barataria region, pro-
vides both Eddy Covariance (EC) stations for meteorological monitoring and adjacent CRMS
stations for hydrological and vegetation-related data collection.

Two types of marshes were identified: a brackish marsh and a freshwater marsh. How-

ever, the analysis focused exclusively on the brackish marsh, dominated by Spartina Patens,
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a species with a salt tolerance level of about 5 ppt, making it vulnerable to high salinity condi-
tions. This marsh, classified as mesohaline, exhibits moderately high salinity levels, making
it an ideal context for studying the effects of salt stress.

Additionally, thanks to the CRMS system, detailed salinity data for the study site were
obtained. The analysis focused on the year 2022, during which Spartina Patens was consis-
tently exposed to salt stress beyond its tolerance levels. This was caused by a severe drought
that elevated salinity levels far above the typical values for this brackish marsh, highlighting
the significant impact of extreme conditions on the local vegetation.

The objective of this study was to reproduce transpiration and carbon assimilation fluxes,
thereby simulating the productivity of the target species under intense salt stress. For this
purpose, an open-source plant-scale eco-hydrological model was adapted to the specific case
by introducing the saline component into the soil water potential through Van’t Hoff’s law.

Considering that the studied ecosystem is characterized by the presence of a shallow water
table, it was assumed that the soil is close to saturation. To further improve the accuracy and
realism of the model, the meteorological data required for its operation were obtained from
the EC station, allowing the model to be calibrated in a way that more accurately reflects the
real conditions of the study site.

The results obtained from the model were compared with the fluxes measured by the EC
station for validation. Yet, it is important to observe that the EC station measures fluxes over a
significantly larger footprint than the one simulated by the model (plant-scale). Additionally,
while the EC station provides evapotranspiration values, the model can only simulate the
transpiration component. To address this discrepancy, transpiration was estimated by sub-
tracting open water evaporation from the observed data. Evaporation was calculated using a
combined Aerodynamic and Energy Balance Method.

Despite these limitations, the model results show a good match with experimental data,
suggesting that the adopted approach captures many of the key dynamics of the system. How-

ever, open questions remain regarding the model’s ability to represent more complex pro-
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cesses, such as the inclusion of submersion and stochastic variations in the water table essen-
tial elements for a more precise description of the studied ecosystem. Future developments
should integrate these processes, further enhancing the understanding of plant physiological
mechanisms under extreme conditions.

In conclusion, this thesis has laid a preliminary foundation for studying eco-hydrological
dynamics in wetlands, highlighting key criticalities and paving the way for new scientific

research opportunities.
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A. Water flow in the Soil-Plant-Atmosphere Con-

tinuum

A.1 Water in the Soil

The soil is the initial element of the SPAC. The water content and movement within soils are
determined by the type and structure of the soil, which affect both the pressure gradient and
the soil’s hydraulic conductivity. Based on the quantity of available water, the water in the
soil may form a thin layer clinging to the surfaces of soil particles, occupy smaller channels
while leaving larger ones empty, or completely fill the spaces between the particles[59].

The water potential of soils may be dissected into three components [59]:

* The osmotic potential (W) of soil water is generally negligible, because except in saline

soils, solute concentrations are low.

* The pressure potential (¥'),). For wet soils,'¥), is very close to zero. As soil dries out,

W, decreases and can become quite negative.
* The gravitational potential ¥. Gravity plays an important role in drainage.

Soil hydraulic conductivity refers to how easily water can move through the soil, and it
changes based on the soil type and its moisture levels. As the water content (and conse-
quently the water potential) in the soil decreases, the hydraulic conductivity significantly
drops. When more air occupies the soil spaces, water movement is restricted to fewer and

narrower channels, leading to a reduction in hydraulic conductivity.
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Figure A.1: The intimate contact between root hairs and soil particles greatly increases the

surface area for water absorption [59].

A.2 Water Absorption by Roots

For efficient water uptake by the root, close contact between the root surface and the sur-
rounding soil is crucial. This contact increases the surface area available for water absorp-
tion and is enhanced by the growth of both the root and root hairs into the soil. Root hairs,
which are thin extensions of root epidermal cells, significantly enlarge the root’s surface area,
thereby improving its ability to absorb water and nutrients from the soil. Water is most easily
absorbed near the root tip [59].

Within the soil, water moves between particles. However, once inside the root, from
the epidermis to the endodermis, water can follow three different routes: the apoplast, the
symplast, or the transmembrane pathway. In the symplast pathway, water travels between
cells via the plasmodesmata without crossing the plasma membrane. In the transmembrane
pathway, water crosses plasma membranes, briefly passing through the cell wall space before

continuing through the root [59].
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Figure A.2: Pathways for water uptake by the root [59].

The Casparian strip, a structure located in the endodermis, forces water to pass through
cell membranes, allowing the plant to regulate which substances enter its vascular system.
When transpiration is low or absent, positive hydrostatic pressure accumulates in the xylem
as roots continue to absorb ions from the soil and transport them into the xylem. This buildup
of solutes decreases the osmotic potential in the xylem sap, consequently reducing the water
potential in the xylem. The lowered xylem water potential creates a driving force for water

uptake, resulting in positive hydrostatic pressure within the xylem [59].

A.3 Water Transport through the Xylem

In most plants, the xylem forms the longest portion of the water transport pathway. In a
plant that is 1 meter tall, over 99.5% of the water’s journey occurs within the xylem, and this
percentage is even greater in taller trees [59].

The xylem’s conducting cells have a specialized structure that allows them to move large

volumes of water efficiently with minimal resistance. The two primary types of water-
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transporting cells in the xylem are single-celled tracheids and multicellular vessels. Tracheids
are elongated, spindle-shaped cells arranged in overlapping vertical rows, while vessel ele-
ments are typically shorter and wider than tracheids. Vessel elements have perforated end
walls, forming a perforation plate at each end of the cell [59].

Water movement in plants occurs due to a pressure gradient between the base and the top
of the plant. In theory, this water movement could be driven either by positive pressure at the
plant’s base or by negative pressure at the top. Root pressure, generated by the buildup of
ions in the xylem, pushes water upwards, but this mechanism would be inefficient because it
would require a way to manage the solutes left behind after water evaporates from the leaves
[59].

One theory proposes that as water evaporates from the cell walls of leaves, curved air-
water interfaces form, creating negative pressure in the remaining water. As more water
evaporates, the curvature increases, generating even greater negative pressure. This phe-
nomenon resembles what happens in soil when roots absorb water. Most water lost through
transpiration is replaced by water from the soil, which moves through a low-resistance path-
way in the xylem. For this to occur, the leaf water potential must be low enough to overcome
both soil water potential and the resistance to water flow in the plant. A continuous column
of liquid water from the soil to the leaves is essential for effective transport [59].

Cavitation is a damaging process that happens when water columns inside xylem vessels
break, forming air bubbles. This disruption typically occurs due to extreme tension on the
water in the xylem, often caused by harsh environmental conditions. Cavitation interrupts the

water column’s continuity, hindering water transport under tension [59].
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Figure A.3: Vessels (left) and tracheids (right) form a series of parallel, interconnected path-
ways for water movement. Cavitation blocks water movement because of the formation of

gas-filled (embolized) conduits [59].

A.4 Water Movement from the Leaf to the Atmosphere

As water moves from the leaf to the atmosphere, it is drawn from the xylem into the cell walls
of the mesophyll, where it evaporates into the leaf’s air spaces. Although the distances water
travels within the leaf are short compared to the entire soil-to-atmosphere pathway, the leaf
significantly contributes to the overall hydraulic resistance [59].

Water enters the leaves and spreads across the leaf lamina through xylem conduits. Be-

fore it evaporates, water must pass through the xylem walls and several layers of living cells.
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Leaf hydraulic resistance is influenced by the number, distribution, and size of xylem con-
duits, along with the hydraulic properties of the mesophyll cells. This resistance can change
depending on growth conditions and exposure to low leaf water potentials [59].
Transpiration relies on the difference in water vapor concentration between the air spaces
inside the leaf and the external air, as well as the diffusional resistance of this pathway.

This resistance is determined by both the leaf’s stomatal resistance and the boundary layer

resistance.
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Figure A.4: Water pathway through the leaf [59]
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B. Effects of Submersion and Salinity on Roots

A comprehensive literature review was conducted, focusing primarily on Phragmites aus-
tralis, to understand the combined effects of submersion and salinity on roots. This prelim-
inary study enabled the collection of data and information regarding the physiological and
morphological responses of this species’ roots under environmental stress conditions, with
particular emphasis on variations in root density, length, and functional capacity.

In addition to the presence of salt intrusion, coastal wetlands simultaneously face flooding
and sulfide stress. These factors interact in complex ways, intensifying each other’s effects on
wetland vegetation. [36] noted that coastal wetlands are increasingly threatened by climate
change, particularly through sea-level rise, which causes both inundation and saltwater intru-
sion. Another important stressor is the presence of sulfides. Tidal flooding or sea-level rise
leads to hypoxic or anoxic conditions in the soil, reducing oxygen availability in the roots.
In this oxygen-poor environment, sulfate-reducing bacteria proliferate, decomposing organic
matter and producing sulfide as a byproduct. Sulfide is toxic to plants, preventing them from
absorbing nutrients, reducing photosynthetic efficiency, and inhibiting root growth [21]. At
the same time, salinity exacerbates these effects by increasing osmotic stress, reducing the
plant’s ability to absorb water. This osmotic stress compromises plant metabolism, making
it more challenging to cope with sulfide toxicity. High salinity also alters microbial commu-
nities in the soil, potentially increasing the number of sulfate-reducing bacteria and further
elevating sulfide concentrations [21]. Plants respond to these stress factors by modifying their
root architecture, increasing aerenchyma (air spaces) to enhance oxygen transport, or produc-
ing antioxidant compounds to mitigate oxidative damage. However, prolonged exposure can
reduce plant growth and mortality, altering wetland ecosystems [33].

Waterlogging poses significant challenges to plant survival, mainly through its effects on

root physiology. Waterlogged soils are characterized by an inadequate supply of oxygen,
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leading to hypoxic or anoxic conditions for root systems. Oxygen deficiency severely im-
pairs aerobic respiration, crucial for energy production and metabolic function in roots [3].
The lack of oxygen can cause root decay and increase susceptibility to pathogens, ultimately
threatening plant viability. The physiological stress induced by prolonged waterlogging leads
to root growth inhibition. Many species exhibit stunted root elongation or complete cessa-
tion of growth in response to water saturation. This decline is often associated with the
death of fine roots, reducing the overall root biomass and negatively impacting the plant’s
ability to absorb essential resources [13]. In response to oxygen deprivation, many plants de-
velop aerenchyma — specialized tissues containing air-filled spaces facilitating gas exchange
between submerged roots and shoots. Aerenchyma formation enhances oxygen diffusion,
thereby sustaining metabolic functions even in saturated soils. This adaptation is particu-
larly beneficial for plants in flood-prone environments, allowing them to cope with adverse
conditions more effectively [13]. Waterlogging also affects nutrient uptake mechanisms, as
damaged root structures and impaired transport systems hinder the absorption of essential
nutrients such as nitrogen, phosphorus, and potassium. Moreover, oxygen deficiency can
disrupt the microbial communities in the rhizosphere, further complicating nutrient cycling
and availability [13]. The hormonal response to waterlogging is complex, involving signif-
icant changes in the levels of auxins and ethylene. Increased auxin levels can stimulate the
formation of adventitious roots, enhancing the plant’s ability to adapt to excess moisture.
Conversely, ethylene production, often a response to hypoxia, regulates root growth patterns
and overall plant architecture. This interplay between hormones influences a plant’s survival

and adaptability in waterlogged environments [13].
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B.1 Combined Effects of Salinity and Flooding on Biomass
and Growth

The study [36] analyzed three main haplogroups of Phragmites australis (Delta, Gulf, and Eu-
ropean) in two environments characterized by different salinity levels: the Mississippi Delta,
with lower salinity (0-13 ppt), and the Mermentau Basin, with higher levels (6-18 ppt). The
plants were exposed to various flooding and salinity conditions for two growing seasons, al-
lowing for the observation of physiological responses and plant survival in relation to these
variables. One of the main findings concerns the different tolerances of the haplogroups to
salinity and flooding. The Delta haplogroup exhibited greater resilience to higher salinity lev-
els, suggesting a potential capacity for survival in brackish environments. This haplogroup
demonstrated a competitive advantage in areas subject to saltwater intrusion, where other
plants may be less adapted. In contrast, the Gulf haplogroup proved to be more resistant
to flooding stress in freshwater environments, highlighting that different genetic variants of
P. australis develop varying adaptation strategies depending on environmental conditions.
Salinity significantly negatively impacted plant survival, with a 42% reduction in survival
at the brackish site compared to the freshwater site. Prolonged exposure to high salinity
and flooding conditions compromised the plant’s ability to maintain sustained above-ground
biomass. It was observed that increased flooding duration at high salinity sites led to a re-
duction in biomass, emphasizing how the combination of salinity and flooding intensifies
stress on plants. The study by Knight et al. (2020) provides an essential contribution to
understanding the effect of salinity on the roots of Phragmites australis in the Mississippi
Delta, highlighting how this factor, combined with other biotic stresses such as the infesta-
tion of the Roseau cane scale (Nipponaclerda biwakoensis), contributes to the phenomenon
of “die-back” (vegetation decline). The results indicate that salinity levels between 10 and

15 ppt led to a significant reduction in root biomass, with decreases in root length observed
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starting at salinity concentrations of 6 ppt. Controlled experiments showed that prolonged
exposure to high salinity conditions caused a reduction in root biomass of up to 50%. These
observations connect with previous findings regarding the different responses of P. australis
haplogroups to salinity and flooding. Knight et al.’s study adds that biomass and root length
reduction is accompanied by a general inhibition of growth, with a decline in root length
between 20% and 40% under increasing salinity conditions. The Delta haplogroup showed
a 12% reduction in height due to the combined stress of salinity and scale infestation. From
a physiological standpoint, exposure to salinity levels exceeding 15 ppt induced significant
osmotic pressure in the roots, resulting in physiological stress. The plants had to invest more
resources in osmotic adjustment to maintain water balance at the expense of root and shoot
growth. In extreme cases, chlorosis and necrosis were observed in root tissues, indicating
substantial damage caused by salt stress. By combining the results of Knight et al. with the
study on the resilience model of P. australis haplogroups in wetlands, it becomes clear that
salinity represents a crucial factor in plant survival and productivity. The interaction between
salinity, flooding, and biotic stress underscores the need to manage these factors to preserve
coastal wetlands carefully. The findings provide relevant insights for developing conservation
strategies that consider not only the genetic diversity of P. australis populations but also the

impact of environmental stresses on both local and global scales.

B.2 Effects of Sulfides and Organic Acids on the Root Struc-
ture

A key factor in the decline of P. australis is the accumulation of sulfides and organic acids
(such as acetic acid) in water-saturated soils. The study by [3] demonstrated that exposure to
concentrations of acetic acid at 1.67 mM and sulfides at 1.4 mM resulted in significant root
and bud mortality. Acetic acid halted root growth in just five days, causing necrosis of the

root tips and a 50% reduction in the length of adventitious roots.
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It is possible to compare the findings of [3] study with those obtained in the Mississippi
River Delta (MRD) by [36], in which a concentration of 1.50 mM of acetic acid (similar
to values reported in Armstrong’s study) resulted in a sharp decrease in survival probability.
Furthermore, it was observed that under 100% flooding conditions, acetic acid concentrations
increased significantly. The study also demonstrated that belowground biomass decreased as
the concentration of sulfide in the pore water increased. Aeration of the rhizosphere, pro-
moted by exposing sediments to oxygen, may alleviate sulfide toxicity by oxidizing it into
non-toxic sulfate. However, the presence of marsh reeds may have hindered rhizosphere aer-
ation, contributing to the high sulfide levels observed. A critical sulfide concentration thresh-
old was identified, beyond which none of the experimental plants survived (approximately
3800 umol/L), while most plants did not survive concentrations above 1000 umol/L. Lower
concentrations of sulfide in the pore water were associated with reduced growth, resulting in
shorter Phragmites shoots.

Exposure to toxic levels of organic acids and sulfides has devastating effects on Phrag-
mites australis, with evident manifestations of abnormal lignification and obstructions in the
vascular systems. Lignification, which represents the hardening of cell walls, particularly
affects the epidermal and cortical cells of the roots, preventing the emergence of lateral roots
and trapping them within the cortical tissue. This phenomenon is accompanied by the forma-
tion of calluses, occurring at the junction between the root and rhizome, completely blocking
the cortical aerenchyma. This structure is essential for root aeration, and its obstruction
significantly contributes to reduced gas exchange within the plant [3]. In addition to the
direct effects on growth, gas flow experiments demonstrated that 60-70% of the nodes in
the rhizomes of treated plants exhibited infinite resistance, preventing air passage due to ob-
structions caused by callus formation. This resistance to gas flow further compromises root
aeration, increasing the risk of anoxia and contributing to the overall deterioration of the plant
[3], [4]. Furthermore, acetic acid and sulfide treatments induce obstructions in the vascular

system, particularly in the xylem, compromising the plant’s ability to absorb water and nu-

133



trients. Obstructions in the xylem and phloem, occurring at the bases of shoots, in rhizomes,
and at root-rhizome junctions, are as significant as those affecting the aeration system. The
presence of lignified materials in the intercellular spaces of roots and rhizomes may further
reduce oxygenation in the rhizosphere, making the tips of adventitious roots, lateral roots,
and underground buds more vulnerable to damage from phytotoxins [3], [4]. The physiolog-
ical responses of P. australis roots to these toxic conditions also include the thickening of the
cell walls of adventitious roots. This defense mechanism, while limiting the entry of harmful
substances, also reduces the absorption of water and nutrients and hinders the growth of lat-
eral roots. The epidermal and hypodermal zones, which are normally non-lignified, become

compromised, further increasing the plant’s stress [3], [4].

Figure B.1: Effects of Lignification and Vascular Obstructions of the Roots [4]
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B.3 Root Cortex Structure and Metabolic Responses to Soil
Redox Conditions

The study conducted by u[5] analyzes the anatomical and metabolic responses of S. Patens
roots, which belong to the same family as Phragmites, following hypoxia induced by flood-
ing. The investigation highlights the adverse effects of low redox conditions on soil and
roots and the plant’s adaptive strategies to cope with the unfavorable environment. Prolonged
flooding causes a significant reduction in soil redox potential (Eh), with values ranging from -
250 mV to -300 mV in strongly reduced soils, compared to +400 mV and +700 mV present in
well-aerated soils. This reduction leads to the transformation of ferric iron to ferrous iron and
sulfate to sulfide, elements that tend to accumulate in the soil, creating a toxic environment
for the roots and compromising the plant’s ability to maintain an oxygenated rhizosphere
[5]. In response to these adverse conditions, the roots of Spartina patens show significant
anatomical modifications. Large areas of aerenchyma are developed and reduce the need for
respiratory tissue. The cortical cells, typically isodiametric, substantially increase in size,
forming large intercellular spaces not found in the vascular cylinder. This adaptation sug-
gests a decrease in cell division, compensated by increased cell size, indicative of a stress
response mechanism [5]. Low Eh conditions negatively impact root elongation. Measure-
ments taken over 22 days reveal that roots exposed to well-oxygenated soils show notable
elongation and healthier development, while those grown in reduced environments exhibit
limited growth. Just a few days after the start of the experiment, root elongation in reduced
soils shows a drastic inhibition compared to the control [5]. Under anaerobic conditions, the
activity of alcohol dehydrogenase (ADH), a key enzyme in anaerobic fermentation, increases
significantly, reaching about three times the level observed in well-aerated conditions. This
increase highlights a greater reliance on fermentation for the survival of roots in environments

with low oxygen availability. The measured ADH activity in stressed roots is 230 + 32 umol
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of NADH oxidized per gram of fresh weight per hour, compared to 78 + 38 umol/g/h in the

control sample [5].
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