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ABSTRACT

Coastal wetlands are unique and complex geomorphological systems that respond to a
wide range of changing influences, and their responses remain poorly understood,
emphasizing the need for and importance of this study. These ecosystems provide useful
feedbacks to coastal systems, such as soil stabilization and coastal protection. They are
very important carbon sinks. For carbon to be stored in the soils there must be biomass
that is produced. This study focuses on the above ground biomass and the below ground
biomass in the saltmarsh in order to evaluate the amount of organic matter that is stored in
the soils. To obtain this, field campaigns were conducted to sample the above ground
vegetation and core samples to analyse the amount of vegetation biomass and carbon
stock in the soil. The marsh selected for this study is characterized by three different levels
of elevation, high mid and low. We found that the middle marsh is the area that stores the
highest amount of organic matter in the soil as compared to the lower and the higher
marsh. In addition, we found that there is a linear positive correlation between the AGB
and the BGB. Furthermore, the study concludes that it is possible to use vegetation indices
retrieved from remote sensing to characterize the biomass. The NDVI (Normalized
Difference Vegetation index) demonstrated to be a good proxy for the AGB only for low
and mid-marsh vegetation species, while it saturates for high-marsh high-biomass
vegetation. Studying the distribution of the NDVI ranges across the studied marsh, we
found that it is mainly covered by dense vegetation, with AGB biomass larger than 400
g/m2.

Keywords: above-ground biomass, below-ground biomass, bulk density, organic carbon,
hyperspectral imaging, vegetation index, NDVI
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Chapter 1

1. INTRODUCTION
1.1. Definition and Importance of coastal wetlands

For many decades, the definition of wetlands has been adjusted to account for all the
different types of wetlands. In general, wetlands are areas where water covers the soil, or
is present either at or near the surface of the sail all year or for varying periods of time
during the year, including during the growing season. Water saturation largely determines
how the soil develops and the types of plant and animal communities living in and on the
soil. Wetlands may support both aquatic and terrestrial species. The prolonged presence
of water creates conditions that favor the growth of specially adapted plants and promote
the development of characteristic wetlands soils (US EPA, 2015).

Tidal salt marshes are wetland ecosystems that form in areas covered by saltwater at high
tide and exposed to the air at low tide, and this tidal cycle happens once or twice each day
depending on the tidal regime (Schwirzer, 2008). Wetlands perform many processes
simultaneously and therefore they provide a group of values to humans. In addition, its
own value is defined at three levels of ecological hierarchy; namely population, ecosystem,
and biosphere Table 1-1 -(Mitsch and Gosselink, 2000).

Table 1-1 General categories of wetland values at three different ecological scales (from
(Mitsch and Gosselink, 2000)

Ecological scale Value

Population Animals harvested for pelts
Waterfowl and other birds
Fish and shellfish
Timber and other vegetation harvest
Endangered/threatened species

Ecosystem Flood mitigation
Storm abatement
Aquifer recharge
Water quality improvement
Aesthetics
Subsistence use

Biosphere Nitrogen cycle
Sulfur cycle
Carbon cycle
Phosphorus cycle




Consequently, they are considered one of the most dynamic ecosystems with plant
communities that are situated on sheltered coastlines ranging geographically from the sub-
arctic to the tropics and occurring most extensively in temperate zones Sifleet et al., 2011).
These environments accommodate different halophyte plant species that group into
communities of vegetation types according to their potential to salt-tolerance and soil
moisture (Fig. 1-1).

Another well-known characteristic of such types of environments is that they have poor
drainage capacity which results in saturated soils, and they provide habitat for wetland-
dependent plants and animals whose life cycle depends on salty environments (Chapman,
1976; Marani et al., 2003; Silvestri et al., 2005). In addition, the general morphological
benefits of saltmarshes expand to flood reduction, and coastal protection which is
achieved through a constant exchange of mineral sediments from the interaction of tides
and fluvial contributions (Owers et al., 2020) resulting in sediment accretion, and nutrient
cycling. In this manner, the identification of sources of organic carbon in saltmarsh
ecosystems is important for evaluating their effectiveness in the carbon cycle (Krause et
al., 2022)

Furthermore, the ability of these ecosystems in providing protection is entirely dependent
on the growth and dimension of the salt marsh. One such indicator of this tidal frame
growth is the distribution of vegetation that is promoted by tidal inundation which
consequently influences various factors such as soil salinity, anoxia, and nutrient
availability (Adame and Lovelock, 2011; Chen and Twilley, 1999; Feller et al., 2010;
Rogers et al., 2017). In addition, the degree of wetness influences the type of vegetation
that is established in the salt marsh. In the most inundated zones, organic matter
accumulates due to hipoxyc conditions that prevent plant material decomposition (Bouma
et al., 2005; Kirwan et al., 2016; Kirwan and Megonigal, 2013; Mudd et al., 2009; Turner et
al., 2004). Moreover, several studies (Alongi, 2014; Barbier et al., 2011; Chmura et al.,
2003; Lovelock and Duarte, 2019) have identified that coastal wetlands (including
saltmarshes) as a global value for organic carbon sequestration, due to their ability to
inhibit aerobic microbial breakdown which limits the release of greenhouse gases to the
atmosphere (Fourqurean et al., 2012; Kristensen et al., 2008). The carbon stocked in
coastal systems and salt marshes is called “blue carbon” (Mcleod et al., 2011).

In fact, wetland ecosystems such as salt marshes and mangrove forests have an important
role in climate regulation through capturing and preserving great amounts of carbon that
regulates anthropogenic CO2 emissions. This is achieved because of their carbon-rich
ecosystems. Although, mangroves forests store more carbon (compared to salt marshes),
salt marshes sequester proportionally more (24%) net primary production (NPP) than
mangroves (12%) (Alongi, 2014). However, global projections have illustrated major
coastal wetland reductions of 20-90% under the consequence of sea-level rise SLR,
(Blankespoor et al., 2014; Spencer et al., 2016) and salt marshes are not excepted from
the long-term changes that arise from sea-level, mainly because of their vulnerability due
to where saltmarsh are located.
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Figure 1-1 Vegetation zonation in a wetland along a profile (Source: Kotze et al. 1994)

1.2. Adaptive capacity of Saltmarsh vegetation to sea-level rise

Salt marshes can resist the short-term stress during storm events when sediment is
suspended from tidal flats (Borsje et al.,, 2011). In some cases, this provides enough
sediment to be trapped by the vegetation, which allows salt marshes to grow with the
rising of the water level and adapt to changing of SLR conditions (e.g., Best et al., 2018;
Kirwan et al., 2016, 2010). The sedimentation of these sediments creates more room for
vegetation to grow and acts as a defense mechanism to reduce wave-induced erosion
(Feagin et al., 2009; Wang et al., 2017). The vegetation generate a rhizome network and
roots, which can prevent erosion and contribute to the depositional of suspended organic
matter (OM) in the soil (Gacia and Duarte, 2001). The OM that is deposited can either be
produced within the habitat (autochthonous) or originate from a different source
(allochthonous), which in turn can be consumed by heterotrophic organisms and or
mineralized releasing CO2 depending on the conditions (Kennedy et al., 2010). The
process of mineralization occurs when the oxygen present in the soils is consumed in the
upper 30 cm of the sediment.

Some studies (Schuerch et al., 2013; Temmerman et al., 2004) have analyzed the vertical
growth of salt marshes, as influenced by sediment supply, and in-depth knowledge on
plant zonation obtained from field and modelling studies in temperate zones is well
developed (Silvestri et al., 2005). A marsh is mainly characterized by halophytic vegetation
(salt-tolerant), however, they do not all depend on the saline environment for their growth,
in fact some species grow in conditions that are not saline (glycophytes vegetation)
(Silvestri and Marani, 2004). The most contributing factor to the growth of a saltmarsh is
the balance and exchange between sediment transport processes, soil subsidence, sea
level rise and vegetation dynamics (Ursino et al., 2004). When there is enough inorganic
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sediment deposition occurring due to tidal inundations, this grants the marsh’s topographic
elevation to increase and creates more room for plants to grow while the roots of the
plants firm the deposited on the soil (Pethick, 1995). When this happens, other vegetation
species also colonize the soil, and because of the saline conditions in the environment
these vegetations grow according to their salt tolerance capacity and tolerance to floods,
creating organized characteristic patches of vegetation on the marsh (Silvestri and Marani,
2004). An example of the zonation process can be seen in Figure 1-2.

Figure 1-2 Zonation boundaries observed in the lagoon of Venice: Spartina anglica (light green
vegetation surrounding the water) is surrounded by Limonium narbonense (outer part). The plants
compete for limited biotic resources, for favorable growing conditions.

The driving abiotic factors leading to zonation include: water dynamics, nutrient uptake
(Ungar, 1991), light intensity availability, aerobic condition within the soil (tidal salt-marsh
flooding affects oxygen availability and changes soil chemistry) and grazing, caused by
herbivore insects (Ellison, 1987). Various studies (Hodarova, 1981; Snow and Vince,
1984; Ungar, 1991) reveal that the best competitors dominate the least stressful habitats,
leaving the poor competitors to more stressful zones.

1.3. Mechanisms of Carbon Storage in Saltmarsh

Salt marshes are environments rich in carbon (C) in their sediments. Capturing and
trapping large amounts of CO2, they play an important role in climate regulation and
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biogeochemical cycling (Alongi, 2020a). Due to drastic climatic changes, the ability to
estimate and monitor carbon stocks has become important to adapt and mitigate the
consequences. Existing literature shows that abundant vegetation units of mangrove and
saltmarsh store large quantities of organic carbon in their soils (e.g. Adame et al., 2013;
Kelleway et al., 2016; Lovelock et al., 2013; Saintilan et al., 2013). However previous
sampling protocols (IPCC, 2014) have not adequately recognised the importance of
vegetation when addressing C storage, although both ecosystems have similarities and
differences in C cycling in global coastal oceans. It is therfore important to unveil the
various sources and principal processes that contribute towards storage of organic C in
wetlands, particularly in saltmarsh soils. This is one of the main purposes of this study.
Soils are an integral part of the C cycle: C enters the soil through sequestration as plants
and animals’ decay enriching the soil of organic matter. Part of the C contained in the
organic matter is prevented from being oxidized to CO2 (greenhouse gas) under hypoxic
conditions and therefore it is not released to the atmosphere. In this way, the more the
hypoxic sediment conditions are available beneath salt marshes, the more total amount of
C is stored in them (Sifleet et al.,). Saltmarsh soils rich in C are capable of reaching an
estimated depth from less than a half a meter to over 7 m (Brevik and Homburg, 2004a).

Salt marshes and mangrove forests store large quantities of organic carbon (CORG) in
soils and, although in smaller proportion, in plant biomass. According to (Alongi, 2020a),
salt marshes store carbon at a faster rate than mangrove because of the difference in the
ecosystem age, intertidal position, species composition and in terms of geographic, and
environmental factors. Other studies of marshes in the US, Belgium and the Netherlands,
(Craft, 2007) and (Van de Broek et al.,, 2016) respectively, discovered that marshes
located more wupstream along estuaries predominantly receive riverine inputs,
characterized by high SPM and OC contents (thus leading to higher sedimentation rates)
and have higher rates of SOC accumulation and higher SOC stocks.

An estimate of the median CORG stocked in salt marshes and mangrove forests in the
above and belowground plant biomass and in soils within the first 1 m is shown in the
Figure 1.3.
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Figure 1-3 Distribution of organic carbon stocks in above- and below-ground plant biomass and in
soils to a depth of 1 m in salt marshes and mangroves (Alongi, 2020)

Figure 1.3 shows that mangroves forest store more C in the belowground biomass (BGB)
as well as in the soil, and account for twice of total C stored in saltmarshes. Moreover,
globally, mangroves cover larger geographic areas of the world. In contrast, salt marshes
exhibit greater rates of belowground root production, while mangroves have greater rates
of aboveground biomass production.

The pathways of C flow in saltmarshes are summarized and presented in Figure 1.4. The
figure illustrates CORG pool (both alive and dead roots and other organic matter) in soils
in a marsh floor with units of Tg of CORG. The process begins when there is an increased
topographic elevation due to soil deposition from tidal flats, which allows vegetation to be
establish on the marsh (Silvestri and Marani, 2004). The production of new roots,
branches and leaves reflects primary production (GPP) which is partly respired back into
the atmosphere (RC) in the form of CO2. All the remaining organic carbon stored in the
saltmarsh represent net primary production (NPP) (Alongi, 2020). The above and
belowground biomass containing organic C is accumulated in the marsh soil layer, which
in turn becomes the autochthonous sediment organic carbon (SOC). However, not all the
autochthonous OC is stored in the sediments: some is exported to the adjacent coastal or
estuarine water body via tides, winds and porewater exchange in the form of dissolved
organic carbon (DOC) and particulate organic carbon (POC) which are eventually respired
from the water system (Rwater) or buried in adjacent ecosystems such as seagrass beds
(Alongi, 2014). When there is supersaturation of adjacent tidal waters, especially in
freshwater and brackish-water anaerobic systems, a chain of reactions contributes to a
series of chemical changes and CH4 may be released to the atmosphere. All these
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processes involving the tidal inundation, OM decomposition, position of the saltmarsh
along land-to-sea gradient permits the continual burial of organic matter making the
environment biogeochemically active (Kusumaningtyas et al., 2019)
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Figure 1-4 Major pathway of carbon flow through saltmarsh ecosystem. All values are in Tg C y-1
(source: Alongi, 2014). Please refer to the above text for abbreviations.

1.4. Geographic Information System

Geographic Information Systems (GIS) can be referred to as a set of databases of
numerical data that are associated with spatial properties that help to identify patterns or
the exact location of objects. GIS is very important when it comes to observing the Earth. It
gives access to reliable, detailed, timely, and affordable geospatial data that can be used
for various purposes such as generating maps and taking decisions based on them
(Tempfli et al., 2009). In order to achieve these geospatial data, there are four different
resolution types of data that allow to quantitatively measure factors such as color, space,
and detail. The types of data are spatial, spectral, radiometric, and temporal.

1.5. Remote Sensing

Remote sensing is a tool that allows the collection of many global data using sensors that
do not have direct contact with the Earth’s surface and in a cost-effective way. (Tempfli et
al., 2009) defines remote sensing as the art, science, and technology of observing an
object, scene, or phenomenon by instrument-based techniques. The technique provides
extremely valuable observations on large areas that are difficult to do in-situ surveys.
Remote sensing makes use of the electromagnetic energy captured by sensors to detect
various surfaces on Earth. Electromagnetic energy is composed of waves that oscillate in
the electric and magnetic fields. These types of waves have amplitudes, wavelengths, and
frequencies, and different frequencies of electromagnetic waves produce different kinds of
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light and they all move at the speed of light (Tempfli et al., 2009). The visible portion of the
electromagnetic spectrum goes from about 350 nm to 700 nm, hence including the
wavelengths corresponding to different colors (from blue to red). Wavelengths greater than
700 nm are in the near-infrared (NIR) portion of the spectrum, followed by infrared,
microwaves, and radio waves; on the other side, wavelengths shorter than 350 nm include
UV radiation, X-rays, or Gamma rays (Tempfli et al., 2009). All these are collectively
referred to as electromagnetic radiation as shown in Figure 1-5.
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Figure 1-5 Electromagnetic spectrum (Tempfli et al., 2009)

Only the visible wavelengths produce colors that we can dictate with our eyes. This portion
is a very small part of the EM spectrum. However, there are sensors that have been
designed to detect other wavelengths that we cannot see (Klemas et al., 2003), including
NIR for example.

1.6 Passive and active sensors

Figure 1-6 illustrate also the two different types of sensors: passive and active. Passive
sensors that observe the Earth measure solar or terrestrial energy emitted or reflected by
the Sun. In areas where the energy coming from the Sun is not available, a different
source of energy is needed, that is why we use active sensors. Active sensors are also
useful where cloud cover interferes with the transmission of the signal, and they are useful
also at night. Active sensors detect returning energy from the target object or surface.
Examples of the imagery produced are RADAR and LIDAR.

1.7 Spectral resolution

Remote sensing sensors are built to detect different portions of the EM spectrum, and this
is based on the types of applications that one wants to obtain. Each portion of the EM
spectrum detected by the sensor is referred to as “band” or “channel”’. When the sensor
detects the EM radiation, it converts the signal to a “digital number”, which is a quantity
proportional to the intensity of the electromagnetic signal. This value is then transformed
into “radiance” (W/m? sr um) and consequently to “reflectance”, which is the ratio between
the radiance reflected by the target and the irradiance coming from the Sun. This process
is repeated for each band that the sensor detects.
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Figure 1-6 Difference between active and passive sensors (Pettorelli et al., 2014)

The accuracy in which the Earth can be observed with satellite depends primarily on the
different characteristics of their sensors. These sensors properties control how detailed the
information about the surface can be. As already mentioned, the sensors used in remote
sensing detect wavelength ranges in specific spectral bands or channels. This property is
called “spectral resolution” (Tempfli et al., 2009). The spectral resolution of a sensor
increases with the number of channels in which it can receive ranges of the EM spectrum
(Roy, 1989). Such increase provides information about the ability to reproduce the spectral
properties of a surfaces as accurate as possible by allowing the number of bands obtained
by remote sensing to increase and the bandwidth to be narrower with the increasing
resolution. Different materials on the earth have a unique spectral signature, meaning that
they absorb and reflected light from different wavelengths differently (Xue and Su, 2017).
In this way, objects can be distinguished from one another by looking at the reflection
behavior. If a sensor has more spectral channels, it allows the spectral signatures of
objects to be seen with better precision (Bell and Callow, 2020). For instance, by looking at
spectral signatures of vegetation, it is possible to differentiates between healthy and
stressed vegetation as they have different absorption behavior.

Multispectral sensors capture reflected energy within several specific broad bands
(ranginging between 3 and 20), while hyperspectral sensors capture hundreds of bands
resulting in a relatively continuous measurement of a portion of the electromagnetic
spectrum (Pettorelli et al., 2014). Many satellites observing the Earth are equipped with
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multispectral sensors. Examples of modern multispectral sensors are the MSI on board of
Sentinel 2, that collect information in 12 bands, and the OLI sensor on board of Landsat-9.
Each band does not just correspond to one wavelength, instead it picks up a specific wave
range and averages this information. This is important because the signal obtained from
multiple wavelengths is much stronger of a single wavelength. In addition, in multipsctral
sensors not all channels are adjacent to each other and this is because sometimes there
are large gaps of wavelength range in the EM spectrum in which no information is
collected from the sensor.

Hyperspectral imaging sensors gather data from the EM spectrum as well. As mentioned
befrore, the EM spectum consists of multiple bands of EM radiations which Is separated by
size and frequency. Hperspectral sensor is capable of retrieving data from 380 nm to 2500
nm. This means that it can gather data in the visible, Visible-NIR, NIT ans SWIR.

1.8 Monitoring Vegetation using Remote Sensing

To complete the overview of the use of spatial methods techniques, it is also essential to
explore and discuss how the ratio of reflectance within different bands can be used to
study the vegetation status. Numerous spectral vegetation indices have been developed to
characterize vegetation canopies. Radiance or reflectance measurements can therefore
be used to detect the presence of growing vegetation, if the position and width of the
spectral bands of measuring instruments are selected in the process (Swoish et al., 2022).

The use of vegetation indices in image processing and analysis should be selected based
on an understanding of their inherent strengths and limitations and their suitability for a
particular application (Bell and Callow, 2020). The manual separation or identification of
different vegetation canopies is challenging, especially in regions of high-density
vegetation growth (Bell and Callow, 2020). Nevertheless, these limitations suggested that
higher spectral resolution creates the opportunity to study sites in a detailed and
distinguished manner (Klemas, 2011). Furthermore, with the technological evolution, other
recent alternatives with high spectral resolution combined with high spatial resolution such
as drone imagery can support segmentation of individual species in areas where
vegetation distribution are not spatially discrete (Bell and Callow, 2020).

Vegetation Indices

Remote sensing of vegetation is mainly performed by obtaining the electromagnetic
reflectance information from canopies using passive sensors (Xue and Su, 2017). This
reflectance can then be used to calculate vegetation indices.

According to (Roy, 1989) the reflectance of a vegetation is influenced by the reflectance
characteristics of individual plant organs, canopy organization, type and growth stage of
plants and structure and texture of the canopies. All these aspects provide a true
reflectance characteristic. Later, Oliveira et al. (2009) affirmed that the qualitative and
guantitative detention of green vegetation is one of the most important contributions of
remote sensing to environmental studies. Therefore, various vegetation indexes have
been developed. The most used is the NDVI (Normalized Difference Vegetation Index)
which is an index which allows analyses to be carried out, at different scales, on the
vegetation cover of a given region. It is an index developed to enhance the vegetation
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signal with better sensitivity in regions with high biomass and better monitoring
performance by decoupling the background signal from the canopy and reduce
atmospheric influences (Bell and Callow, 2020).

NDVI (Normalized Difference Vegetation Index)

NDVI is the most used index for various purposes, which allows to carry out analyses, at
different scales, on the vegetation cover (Rouse Jr. et al.). The index makes use of the red
and near-infrared bands canopy reflectance (Huete, 1988). When calculated, the index
presents a range of values between -1 and 1.

The NDVI index is calculated with the following formular:

NIR-R
NIR+R

1. NDVI =

The aim of this vegetation index is to detect the photosynthetic activity of vegetation,
therefore it correlates to biomass and its canopy chlorophyll content. This index performs
very well due to its sensitive response to green vegetation. However, it is inefficient when
applied in areas with bare soils or soils with low vegetation cover because the sail
brightness color may influence the signal as soil background. In addition, it also loses
sensitivity when a canopy’s area is very dense, and it requires remote sensing calibration
since it is influenced by atmosphere, clouds and cloud shadow (Testa et al., 2018). In this
manner, other indices have been developed to surpass these environmental factors,
without succeeding.

SAVI (soil-adjusted vegetation index)

The SAVI index was found to be an important ratio combination that can describe dynamic
of both soil and vegetation systems from remotely sensed data. The SAVI is an alternative
to NDVI because it is refined or "calibrated” so that soil substrate variations are effectively
normalized and are not influencing the vegetation measure. (Huete, 1988) Therefore, this
Index was established to overcome the issues that NDVI has with soil backgrounds. A
vegetated area transmits a significant amount of NIR flux towards the soil surface,
irradiating the soil underneath as well as in between individual plants which is
consequently sent back toward the sensor in a manner dependent upon the optical
properties of thet soil surface. In this manner, it was vital to develop the soil adjusted
index. The SAVI index is calculated with the following formular:

SAVI = [(NIR - red)/(NIR + red + L)] x(I+L).

where L is the soil conditioning index, which improves the sensitivity of NDVI to soil
background. The range of L is from 0 to 1. The value of L is around 0.5 under most
common environmental conditions. When L is close to 0, the value of SAVI is equal to
NDVI. However, L factor should vary inversely with the amount of vegetation present to
obtain the optimal adjustment for the soil effect (Xue and Su, 2017)

MSAVI (Modified Soil-Adjusted Index)
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This index was developed to modify the original SAVI index. MSAVI replaces L factor in
the SAVI equation with a variable L function. In this way, reduces the influence of bare sail
on SAVI, which can be expressed as follows:

MSAVI = 0.5 * {2R800 + 1 — SQRT [(2R800 + 1)2 - 8 (R800 — R670)]}.

GEMI Global Environment Monitoring Index

GEMI index corrects for the atmospheric conditions. It is more useful to compare
observations under varying atmospheric and illumination conditions, and more sensitive of
actual surface conditions than NDVI over the bulk of the range of vegetation conditions.
This index is calculated with the following formular:

n=[2(NIR2-R 2) + 1.5NIR + 0.5R] (NIR + R + 0.5)

In this thesis | will calculate the abovementioned four indices and compare the results.

SCOPE OF THE RESEARCH

Objectives of the Thesis

For many years, remote sensing applications have been a practical and cost-effective
technique used to analyze the spatial and temporal evolution of the Earth surface. As for
the study site selected for this thesis, various studies on the San Felice saltmarsh (Venice
lagoon, Italy) have already effectively monitored the area, demonstrating the advantages
of using remote sensing to develop maps and models. However, the area is characterized
by high spatial complexity and temporal variability, therefore models and satellite
observations must be supplemented by aircraft and field data to obtain precise and
accurate information. To contribute to mapping efforts of the saltmarsh vegetation species
in San Felice, the use of hyperspectral imagery from Unmanned Aerial Vehicles (UAVS)
coupled with field data is used in this study to accurately contribute to efforts already made
in detecting changes in the saltmarsh.

This study aims at analyzing the biomass of the different vegetation associations in the
field. Data such as the bulk density and the organic matter in the soil are retrieved and
used to find significant correlations with the vegetation spectra. In addition, thanks to the
extremely high spectral resolution, we also aim at calculating different types of vegetation
indexes to correlate with the AGB and BGB of different vegetation associations located
across the sampling area. All these efforts are directed toward meeting the goals of an
ongoing NSF project (NSF, 2021) focused on creating spatial models of various dynamic
factors of the wetland in response to environmental changes. One of the project’s aims is
to include carbon budget retrieved from vegetation characteristic and biomass production,
which is linked to what this specific study tries to contribute with. The project focuses on
two different wetlands: 1) North Inlet, Sotuth Carolina, USA, and 2) Venice Lagoon, Italy
(NSF, 2021). The project aims to capture remote aircraft data in the South Carolina marsh,
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while in the Venice lagoon, hyperspectral data are retrieved and then down-scaled the
data spectral resolution in order to obtain the same MS bands of the camera used in South
Carolina. This will be correlated to the biomass production in the area.

Study Aim

Based on the knowledge of the author of this thesis, specific relations between
aboveground and belowground parameters in saltmarshes are not fully quantified and
explained in the literature. For example, there are still gaps in the quantification of the ratio
of AGB vs BGB of different plant associations. The aim of this study is to combine field-
based monitoring and aerial hyperspectral imagery to investigate biomass conditions and
vegetation spectral indices using a stratified sampling approach; furthermore, the
correlation of AGB and BGB with the organic matter stored in the saltmarsh soils is
explored. Within these overall aims, potential drivers within the marsh will be considered,
including vegetation type and soil stratification depths. All these research questions,
together with the knowledge gaps presented, justify the rationale of this thesis.
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Chapter 2

2. EXPERIMENTAL METHODOLOGIES

2.1 Study Site

San Felice

Figure 2-1 The San Felice saltmarsh in the northern basin of the Venice lagoon (Italy)

The Venice Lagoon is the largest lagoon in the Mediterranean Sea, with an area of about
550 km?. It has three inlets that connect the lagoon with the Adriatic Sea (Losso and
Ghirardini, 2010). The tidal regime is semidiurnal with an average water depth of about 1.5
m and a maximum range (at the inlets) of about 70 cm around mean sea level. The
studied salt marsh (Figure 2-1) is in the northern part of the lagoon, along the San Felice
channel. The studied area is demarked in red and presented in Figure 2-1 and green dots
are the GPS points collected across the marsh for our study. The marshes in this area
cover a total area of approximately 40 km? and host at least twenty species of halophytes,
among which the most common are Limonium narbonense, Sarcocornia fruticosa,
Spartina maritima, Salicornia veneta, Juncus maritimus, (NSF, 2021). The channels act as
drainage and recharge zones, forming patterns of preferentially aerated soils, the levees,
which have favorable conditions for the plants to grow. The morphology of the marsh is
composed of different soil elevations that ranges between 0 and 50 cm above mean sea
level (a.m.s.l.) (Silvestri et al., 2005). The number of halophytic species present in these
marshes is limited as they grow on preferential soils. The duration of inundation of salt
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marsh soils is determined mainly by the elevation of the area. The frequency of flooding of
the soil also affects the ecogeomorphology of the soil.

2.2 Collection of samples in the field

Figure 2-2 Area of plot and bio samples on the fiels using 1mx1m and 20cm x 20cm square rulers

Samples were collected in September 2021 at San Felice saltmarsh following the protocol
by (Kristensen and Andersen, 1987). The field survey aimed to collecting aboveground
vegetation and soil samples as well as belowground vegetation. The samples were
collected in 10 different locations within the salt marsh. These sampling sites were referred
to as “plots” and it was delimited by a 1m x1m square ruler. Each plot had 3 random
replicates delimited by 20cm x 20cm square ruler referred as bio. The replicates also
sampled the above-ground vegetation, below-ground (soil+roots), and soil. In total 30
sediment cores were collected from 10 plot sites as shown in the figure.

2.2.1 Aboveground vegetation

Above ground vegetation was collected using a knife, cutting the vegetation falling within
the 20cmx20cm bios from the ground level and preserving the length of the plants, and
then storing the vegetation in plastic bags before transport to the laboratory as shown in
Figure 2-3.
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Figure 2-3 — Aboveground vegetation sampling.

2.1.1 Soil+roots cores

Moreover, two different cylindrical PCV tubes were used to vertically inserted down the
sediment and collect the sediment core to sample the below-ground (soil+roots) samples.
Specifically, for the soil+roots sample we initially collected cores using a 10cm diameter
and 10cm length cylindrical PVC tube which was vertically inserted down into the
sediment, cutting through the roots, then partially digging around the tube with a spade to
facilitate the safe removal of the soil core. This procedure was used only for the first four
plots, because afterwards we decided to collect longer soil+roots cores. Therefore, the
remaining six plots were sampled using an 8cm diameter and 30 cm length cylindrical PVC
tube (Fig. 2-5). For each sample, the soil+roots core was immediately removed from the
cylindrical tubes and manually measured with a ruler then sliced every 10 centimeters (this
applied for the last six plots with the 30cm stratigraphic layer core). The slices were placed
in properly labeled plastic bags (plot site with replicate reference + type of sample and
depth if necessary), taken to the lab and then stored in a freezer before further laboratory
process.
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2.3 Laboratory analyses

2.3.1. Aboveground vegetation

In the laboratory, the aboveground vegetation samples were put in paper bags, and
weighed before and after dried (Fig. 2-6). During the drying process, the weight of the
samples was controlled twice a day to monitor and ensure its stability: the samples were
considered fully dried if the weight values were comparably the same the previous ones.
The accepted difference from the previous weight was 0.5g. In general, the leaves and
branches were oven-dried at a temperature of 70 °C for 72 hours.

Dried at 70 °C for 72
hours

Figure 2-6 Laboratory process for the above ground biomass

2.3.2. Soil+roots cores

As shown in Fig. 2-7, after collecting the data from the field, (a) the samples were kept in a
freezer to avoid decomposition. When ready to be processed, (b) the vegetation below-
ground biomass was thawed from the freezer and then the samples were (c) placed two
different steel sieves of 500 and 1000mm that were used simultaneously to allow the fine
sediments and the below ground vegetation to remain on the sieves when washed (d).
After (e) washing out the sediments from the sample, and the below ground vegetation
(roots) were retained on the sieve, probably including a small portion of the finest particles
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of sediments. A foil tray (f) was weighed before and after (g) placing the washed samples.
The remaining material was put in the oven (h) at a temperature of 70° for 72 hours to
determine the dry weight which was obtained after the samples were removed and
weighed again (i) as the flowchart in Fig. 2-7 illustrates.

——

——
R

—

Thawed sample A

Figure 2-7 Laboratory processes of soil samples

2.3.3. Soil cores

To study a possible site-specific correlation between vegetation biomass and soil organic
matter content the method of bulk density calculation and LOI was used. To initiate the
process, sediment samples were removed from the freezer, the weight of empty aluminum
trays was recorded and the samples were placed in the trays, put in the oven, dried at
105° C for 72 hours, controlling the weight twice a day (similar to the steps used for below
ground biomass). To ensure the total dryness of the sediment cores, the samples were
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only removed from the oven if the weight values were stable. The accepted difference from
the previous weight was of 0.5.g. When dried, the weight of the tray was subtracted from
the total weight (tray +sample) to obtain the value of the soil alone. When this was
achieved, the samples weights (g) were used to calculate the dry bulk density (g cm-3)
with the following equation:

Sediment Weight (g)
Sediment Volume (cm3)

3. Dry Bulk Density (g cm—3) =

The soil samples were ground and processed again to obtain the bulk density and organic
matter analysis through the Loss on Ignition (LOI) method.

Figure 2-8 — The LOI process

Initially crucibles were washed with acid and dried in the oven. When dried, a). a Mettler
microbalance of the model TECNOPOUND was used to obtain third decimal places
weights of the dried crucibles. In each crucible 5-8g were added with the use of a
laboratory spoon. b). The subsamples were left it in a desiccator for 30 min. After this the
samples were quickly, weigh and record the exact weight of the crucible + sample to third
decimal places. The crucibles c). were arranged in the furnace and the temperature was
gradually by a temperature ramp of 100° C every 1lhrs to go up to 450 ° C and leave for 8
hrs. The following day, the samples were removed from the furnace and the weight’s
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consistency of the samples was guaranteed by transferring them into a desiccator to cool
down, then recording the ashes’ weights. The obtained weights used to calculate the
organic carbon in the soil followed the following equations:

1. % Ashes = —*" 4100

(organic+ashes)

LOI

2. LOI =100 — Ashes 3. % 0O.C =—
1.724

2.4 Aerial Imaging Field Methods
To organize the field survey, various factors had to be considered such as tidal conditions
of the marsh, and the perfect weather conditions for the drone to be flown (no rain and no
clouds). In this way, our field activities initiated very early in the day before the sun and the
tides rose, and to allow all the sampling equipment to be prepared on time as the images
show (fig. 2-9).

Figure 2-9 UAV flight preparation
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The purpose was the collection of hyperspectral images to analyze the vegetation spatial
distribution across the saltmarsh. The drone model used was a DJI Matrice 600 and it flew
on September 8-10, 2021. The drone was equipped with a hyperspectral sensor Headwell
Nano Hyperspec VNIR 273 that captured 270 contiguous spectral bands in the range 400-
1000 nm. In the field, the first step was to place two targets on the ground that could be
detected on the images. The radiance measured by the sensor on the targets was then
used to calculate reflectance. To initiate the flight, the drone took several images of the
calibration panel. The purpose of this process is to calibrate all the images that the sensor
will capture. On the other hand, several ground control points (yellow targets) were fixed to
the ground across the entire marsh. Taking the coordinates of where the targets were
placed was vital to later georeference the images. The data set was pre-processed by the
company (Archetipo s.r.l.) that performed the flight, which gave us the hyperspectral
reflectance georeferenced product.

Figure 2-10. A) calibration control panels and B) GNSS measurement of the position of one ground
control point.

2.5 Image Processing and Analysis

Data were processed using ENVI commercial software to obtain spectral reflectance of the
different sampling sites, with the support of the GNSS points on the ground. The
processing of these images required a sequence of operations such as building the
spectral libraries of the different sampling areas by creating regions of interests (ROIs) for
the different plots. The geographic coordinates that were used fell under WGS84 UTM
ZONE 33N. These results were post-processed using Excel software to calculate the
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different vegetation indexes and generate correlation graphs of the indices together with
the obtained field results. Specifically, the hyperspectral reflectance recorded within the
bands in the range 650 - 670 nm was averaged to calculate the reflectance of a RED band
that mimics Landsat-9 and Sentinel 2. Similarly, the NIR band was mimicked .Similarly, the
NIR band was calculated averaging the bands in the range 857 — 863 nm.

The RED and NIR bands for the different species associations were used along with the
mean values for ABG and BGB to create correlation plots with the different indices
(Appendix Table-2). To create the NDVI map, the ENVI band math tool was used to
calculate the NDVI index based on bands 115-123 for the RED band and 208-215 for the
NIR band.
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Chapter 3

3. RESULTS

3.1. Results obtained from the analyses of field and laboratory data

The results obtained with the laboratory analyses have been reorganized based on the
associations of halophytes sampled in the field. The 10 plots detected in the field were
regrouped into 6 associations of halophytes characterized by the large majority of six
species as described in Table 3-1, where the most abundant species and its percentage
cover are coupled with the plot IDs.

Table 3-1. Name and percentage cover of the most abundant species in the associations of
halophytes found within the 10 Plots.

Most abundant species | Plot IDs Percentage cover
Inula crithmoides Plot 10 >50%
Sarcocornia fruticosa Plot 8 > 80%
Liminium narbonense Plot 1, Plot 2, Plot 5 > 80%
Spartina maritima Plot 7 250%
Spartina anglica Plot 4, Plot 6 >290%
Salicornia veneta Plot 3, Plot 9 >40%

The average values of AGB, BGB, Bulk Density and LOI are shown in Table 3-2. We
notice that if for BGB, Bulk Density and LOI, the values come exclusively from the Bios, as
described in the Methods chapter, for the AGB we also used 25 samples randomly
collected across the marsh in order to increase the accuracy of the estimate.

Table 3-2. AGB, BGB, Bulk Density and LOI for the associations of halophytes sampled in the field.

Most  abundant | AGB (g/m2) BGB (g/m2) Bulk Denisty | LOI (%)
species (g/cm3)

Inula crithmoides 897.7 3754.0 0.64 10.6
Sarcocornia 1377.6 6392.7 0.49 13.6
fruticosa

Liminium 434.6 6319.7 0.49 15.0
narbonense

Spartina maritima | 424.9 4835.9 0.38 14.0
Spartina anglica 366.2 2041.7 0.46 10.8
Salicornia veneta 206.9 1552.3 0.46 9.4

Figure 3-1. shows a theoretical profile of the salt marsh (Silvestri et al. 2022) as well as
the distribution of the AGB and BGB values. Figure 3.1 shows a theoretical profile of the
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salt marsh (Silvestri et al. 2022) as well as the distribution of the AGB and BGB values. In
the study site, the saltmarsh ranges between 0 cm and 40 cm of height. In general, In.crit
and Sar.fr are found on the highest part of the marsh, Lim.nar. and Sp.mar are on the
middle part of the marsh and Sp.ang and Sal.ven on the lowest part of the marsh.
Therefore, the profile includes high-marsh species (i.e. In.crit = Inula chritmoides; Sar. Fr.
= Sarcoconia fruticosa) that in general grow between 25/30 cm and 50 cm above mean
sea level (a.m.s.l.), mid-marsh species (i.e. Lim.nar. = Limonium narbonense; Sp.mar. =
Spartina maritima ) that grow between 20 cm and 30 cm a.m.s.l., and low-marsh species
(i.e. Sp.ang. =Spartina anglica and Sal.ven. = Salicornia veneta) that grow between 0 cm
and 20 cm a.m.s.l. We notice that the species with the highest and lowest AGB production
are Sar.fr. and Sal. ven., with values of 6392.7 g/m2 and 206.9 g/m2 respectively. When
BGB was compared, Sal.ven still is the lowest with values of 1552.3 g/m2, and Sar.fr. still
has the highest value (639.3 g/m2). In. crit, Sar.fr, Sp.ang and Sal.ven have much larger
AGB than BGB. In particular, Sp. ang., which is an invasive species that started to
colonize the Venice lagoon saltmarshes about 10 years ago, has AGB more than twice the
BGB. On the contrary, Lim.nar and Sp. mar have very similar AGB but their BGB differ,
.Lim.nar (6319.7 g/m2). has a similar BGB to Sar.fr. (639.3 g/m2).
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Figure 3-1. AGB and BGB retrieved from the analyses for the different associations of
halophytes dominated by the six species: In.crit = Inula crithmoides; Sar. Fr. = Sarcoconia
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fruticosa; Lim.nar. = Limonium narbonense; Sp.mar. = Spartina maritima; Sp.ang.
=Spartina anglica and Sal.ven. = Salicornia veneta.

Figure 3.2 shows a positive correlation between the BGB and the AGB. The coefficient of
determination R? is not very high probably because of the high discrepancy in the biomass
production of the different species. However, a clear trend is visible. We can see that, in
general, the BGB is about 4 times the AGB, event though with differences for some
species. In fact, if this is true for Sal.ven and Sp.ang, the value increases for Sp.mar. and
Lim.nar., that tend to have BGB of more than 5 times the AGB.
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Figure 3-2. Below ground biomass (BGB) versus Above ground biomass (AGB)

Figure 3-3 shows that, in general, the BGB is mainly concentrated in the 0-10 cm depth
range for all plant associations and decreases with depth. The highest BGB storage was
found in the association dominated by Lim. nar, which accumulates more biomass than
any other associations in the 0-10 cm and in the 10-20 cm ranges. On the contrary, Sar.fr.
presents the second-highest BGB storage in the marsh, with a more evenly distributed
balance across the three depth ranges. Other species such as Sp.ang and Sal.ven. show
a limited amount of BGB in the top 0-10 cm and 10-20 cm layers, with a sharp decrease
after the 20 cm of depth. On the other hand, even though In.crit. is on the high-marsh, it
presents a very similar pattern as Lim.nar. Its AGB is limited, less than Lim.nar (Fig. 3-1),
and the BGB is about half the amount of Lim.nar.
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Figure 3-3. Values of below-ground biomass for the three depth ranges according to
different species associations. The distribution of the BGB with depth is another interesting
aspect.

The sum of AGB and BGB is presented in Figure 3-4. The greatest amount of total
biomass is found in the high to middle part of the marsh, in fact Sar.fr contributes
approximately 7500g/m2 of dry biomass if we consider AGB plus BGB, and Lim.nar. is the
second contributor with more than 7200g/m2 total dry biomass. The high BGB attributed to
Sp.mar. makes it the third in terms of total biomass, despite its very low AGB. The total
biomass decreases moving from mid-marsh to low-marsh, with Sal.ven contributing a very
small amount. In general, we notice that the total AGB+BGB value starts as low in the
highest marsh portions, increases in the high-to-mid-marsh, then decreases again going
towards the lower marsh portions.
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Figure 3-4. Values of below-ground biomass (BGB) according to different species
association

The behavior is different when we look at the amount of organic matter that stays in the
soil (Figure 3-4). Here in Figure3.5 the trend is favorable to the middle part of the marsh.
The highest value of LOI is measured in the middle part of the marsh, with values ranging
between 15% and 14% for Lim.nar. and Sp.mar respectively. The lowest values were
measured in the lowest part of the marsh for Sal.ven. (LOI = 9.4%) and Sp.ang. (LOI =
10.8%). Similarly, in the high marsh, the values of LOI are also lower than in the mid-
marsh, with Sar.fr. having LOI = 13.6% and In.crit. having LOI = 10.6%. In general, the
difference between the values of LOI in the high, middle, and low varies significantly. The
middle marsh presents the highest LOI values than any other part of the marsh. The high
and the low marsh do not preserve greater amounts of organic matter in their sail.
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Figure 3-4. LOI for different vegetation associations

As for the Bulk Density, the results shown in Fig. 3-6 confirm that there is not a particular
trend. Even though the BGB or the AGB increases for different associations, the Bulk
Density ranges around 5000 g/cm?®, without showing any particular correlation with the two
biomass variables. However, in general, the average bulk densities are lower for species
such as Sal. and Sp.ang. The highest bulk density was observed for the species
association dominated by In.cri.
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Figure 3-5. Comparison of the relationship between Bulk density versus Above ground
biomass (AGB) and Bulk density versus Below ground biomass (BGB).
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3.2. Results obtained from the analyses of hyperspectral data

The vegetation indices extracted from the average reflectance spectra of the pixels falling
within the 10 Plots are analysed and correlated to AGB and BGB values.

Figure 3-7 shows the four indices selected for this thesis and correlate their values to the
AGB vegetation amount determined in the lab. The indices range from 0 to 1. NDVI shows
a high positive linear correlation with the AGB for values below 500 g/m?. For values
higher than this threshold, NDVI does not change, becoming stable at around 0.6 - 0.7.
This means that the index becomes saturated. From Fig. 3-7 we can see that such
behaviour interests In.crit. and Sar.fr, the associations that develop on the high-marsh and
close to the channels. This is problematic because also Lim.nar and one of the Sp.ang.
values fall at NDVI around 0.7, and therefore we must set a threshold not higher than 0.6
as the max NDVI value that allows a good correlation with the AGB, corresponding to AGB
= 400 g/mZ.

In general, the correlation of other indices with AGB is weak. In all cases, the highest index
values were observed for Sar.fr., while the lowest value was observed for Sal.ven. SAVI is
probably the one index that best correlates to the AGB, however no vegetation index
among those that were calculated performed well.

0.9

08 0.8

0.7 . . 0.8
06 0.7
=0 0.6
3 ::5 —os Most abundant
=04 y =0.0008x +0.3263 z s® o -
0.3 R =0.7496 vi 0.4 L SPECIES N the
0.2 0.3 association
0.1 0.2 - y = 0.0002x +0.2757
0 0.1 RF=03436
0 S00 o gy 2000 1500 0
F (E/ M) -
0 500 aGB (g/m2) 1000 1500
09 - Limonium
03 08 narbonense
0.8 . 0.7
0.7 i) 0.6
_oe =05
S 05 - 3 04 oo
0.4 =" / )
0.3 0.3 - Salicornia
0.2 0z - veneta
0.1 0.1
0 0
0 500 .. 1000 1500 0 500 1000 1500
AGB (g/m2)

AGB (g/m2)

Figure 3-6. Values of the NDVI, SAVI, MSAVI, and GEMI indices for different above-
ground biomass (AGB) measurements.

Fig. 3-8 plots the values of the considered vegetation indices versus the BGB. In all cases,
the correlation is weak. The lowest values are still observed for Sal.ven., however, the
highest NDVI value was observed for Lim.nar., which is not the association with the
highest BGB. Inu.cr and Sar.fr present high values of NDVI (0.6), although the BGB
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values are low. All the species with low BGB had a high NDVI value. The other indices
also have a negligible correlation with values of BGB.
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Figure 3-7. Values of the NDVI, SAVI, MSAVI, and GEMI indices for different below-
ground biomass (BGB) measurements.

The NDVI values extracted across the study site from the hyperspectral images are shown
in Fig. 3-9. Different colours attributed to the NDVI give us an indication of the distribution
of the AGB across the marsh. We notice that most of the marsh is characterized by NDVI
values larger than 0.6, which is the threshold above which the signal saturates and
corresponds to AGB larger than 400 g/m? (red areas in Fig. 3-9). Only small portions of the
inner marsh present NDVI values lower than 0.6, corresponding to AGB smaller than 400
g/m?, and within the range 0.6 — 0.3 we see that the biomass decreases moving towards
the ponded areas (going from green to yellow and to blue respectively — Fig. 3-9). These
results indicate that most of the studied marsh is covered by dense vegetation, with AGB
biomass larger than 400 g/m?. Even though the number of data obtained with this work is
limited, it gives a clear indication on the NDVI saturation effects as well as on the AGB
distribution over the marsh. Other methods must be explored and combined with the
hyperspectral data analysis to increase the accuracy and precision in the detection of the
the AGB distribution across the marsh.
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Figure 3-8. NDVI ranges across the study site.
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Chapter 4

4. DISCUSSION AND CONCLUSIONS

ABOVEGROUND AND BELOWGROUND BIOMASS OF HALOPHYTES

As introduced in the first chapter, several authors (Krause et al.; Silvestri and Marani,
2004; Yang et al., 2020) proposed that tidal marshes receive more inorganic coarse
sediments along the edges of the tidal creeks. This is because, when the tide enters the
basin, the currents bring sediments along the channels and the creeks, therefore most of
the sediments are trapped and deposited along the creeks’ edges when the tide floods the
marsh. This process increases the height of the levees with respect to the inner parts of
the marsh, as we can see in the marsh profile of Fig. 3.1. Levees are usually colonized by
vegetation species as In. crit. and Sar. fr. On the contrary, fine sediment inputs are
important to the inner parts of the marsh, as they are situated at a lower elevation relative
to the mean sea level, thus having a higher tidal inundation frequency, and consequently a
higher rate of suspended sediment supply and deposition. These factors enhance the
trapping of OM and fine sediment particles, increasing the saltmarsh’s capacity for carbon
burial (Duarte et al., 2005).

Another important factor in the carbon burial process is the presence and growth of
vegetation. The largest store of carbon in coastal habitats is found within the soils. Carbon
is primarily stored in aboveground and belowground biomass and then, thanks to the
typical hypoxic conditions, is stored in soils. (Brevik and Homburg, 2004) suggests that C
sequestration within a depositional environment is strongly related to biomass production.
For C to be sequestered there must be biomass that is being produced in the area which
will consequently be buried at the end of its cycle. We know that in general plants produce
aboveground and belowground biomass. When the canopy or part of it dies, the
aboveground material is deposited on the surface below the canopy; however, in tidal
marshes there are several processes that contribute to export the deposited material, such
tides, storm waves, wind. Therefore, the amount of organic matter coming from the
aboveground parts of the canopy and that contributes to the marsh growth is very limited.
On the contrary, the canopy belowground production and storage is very large for two
main reasons: 1) roots and shoots cannot be exported by tides or wind; 2) the hypoxic
conditions greatly reduce the decomposition of the OM. Both these factors are strongly
linked to the position and distance to the creek network, because of the different
hydrologic conditions that we find across the marsh.

In addition to these aspects, we must consider that several different species grow on tidal
marshes, and they tend to create typical associations. For this reason, in this thesis we
selected associations as main targets of the study, and each association is characterised
by the large dominance of one species, as described in Table 1. (Silvestri and Marani,
2004) found that the zonation of various species respond differently to edaphic factors.
This accounts for the species zonation that exists in the marsh. For example, Sal.ven.
achieves its maximum biomass production in saline conditions, in the lower part of the
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marsh were the tidal factors influence the most (see marsh profile in Fig. 3.1). On the
other hand, Spartina maritima occurs at sites with strong reducing conditions, where other
species, which are not sulphide-tolerant, cannot tolerate (Silvestri and Marani, 2004).
While other species like In.crit. occurs along the edges of creeks and channels (Fig. 3.1),
where both the hydraulic conductivity and the soil level in relation to the water table is high.
In such areas the water availability, promotes aerobic conditions for roots to be degraded
(Ursino et al., 2004). Moving from these considerations, in this thesis, the two main factors
considered to properly understand the carbon burial trends, are the aboveground
vegetation and the belowground vegetation in the layer 0-30 cm. The spatial distribution of
different plant associations is also considered, to account for the spatial variability of
edaphic factors and hydrological conditions.

Looking at the values retrieved from AGB and BGB analyses for the different associations
of halophytes in Figure 3.1, we notice that the species that grow in the high and mid
marsh, closer to the creeks, produce larger AGB and BGB than species that grow in the
low marsh. Sar.fr. has the largest BGB (6392.7g/m2) but has the second smallest values
of AGB (434.6g/m2). The second highest BGB belongs to Lim.nar. (6320 g/m2) which is
the largest biomass producer of the mid marsh. As for the low marsh species, a study by
(Willemsen et al., 2022) with feedback models between hydrodynamics, morphodynamics
and vegetation dynamics found that salt marsh vegetation respond differently to different
wave forcing. Medium waves contribute to the decrease of the width and height of the
marsh in a way that the vegetation species can hardly germinate at lower elevations (Hs=
0.10 m), within the marsh. This supports our interpretation that the Sal.ven which is
situated at 10 cm a.m.s.l. is the species that least produced both AGB and BGB in the
entire marsh.

If we look at the distribution of BGB with depth for the different plant associations (Fig. 3.3)
we notice that in all cases the biomass decreases with depth. However, what is very
interesting is that if for high- and mid-marsh associations roots and shoots go down to 30
cm of depth, for low-marsh species almost all the biomass is found in the 0-20 cm layer,
suggesting that the waterlogging is too high for the plants to develop tissues deeper than
20 cm from the soil surface. This is in agreement with (Ursino et al., 2004) that states that
channels also acts as drainage and recharge zones, and they create favorable oxygenated
soils where possibly plants have the ability to grow due to the sediments depositions. This
is the case of In.crit in the Venice saltmarsh, while Sal.ven. and Sp.ang. have more
difficulties of growing and develop being in the low marsh and far from creeks.

If we look at the total amount of biomass (AGB + BGB) produced by the different
associations (Fig. 3.4) we notice that Sar.fr. and Lim.nar have a very similar amount,
which is over 7000 g/m2. This is impressive, also because the large majority belongs to
the belowground biomass that is the primary contributor of the marsh growth, as we have
seen. It is interesting to note that Lim.nar. is the association with the highest BGB (Fig. 3.3
and 3.4), and this is probably due to the influence of hydrological factors. In fact, in our
analyses we did not distinguish between dead and alive roots and shoots, accounting for
the BGB coming from all the plant tissues that we found in the belowground samples. This
means that dead undecomposed material may play a big role in the outcomes of our
analyses. As already said, Lim.nar. grows at lower elevations with respect to Sar.fr. or
In.crit., thus OM decomposition is slow due to more pronounced hypoxic conditions. These

considerations are confirmed by the comparison of Figure 3.4 with Figure 3.5, which
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shows the behavior of the LOI (%) for the different associations. The effect of the local
difference in the hydro-geomorphology of the sites plays a clear role in such comparison.
The LOI retrieved for the middle part of the marsh is greater than for the higher and the
lower part of the marsh. In the mid marsh, we observe the highest values of LOI reaching
up to 15% as compared to the rest of the marsh. The lower LOI values in the high marsh
could imply oxidized conditions that occur due to their positions near the edges of creeks
and channels, where both the tidal range and the soil level with respect to the water table
are higher (Silvestri and Marani, 2004). The vegetation that grows on the high marsh
produces lots of biomass due to frequent sediment supply from tidal regimes, however,
this biomass accumulation is decreased by the high decomposition rate due to the oxygen
that infiltrates the soil and oxidizes the biomass in the soil. Therefore, high marsh species
as In.crit. and Sar.fr. show high values of BGB but limited LOI values if compared to the
mid-marsh association Lim.nar., that instead shows very high BGB as well as LOI values.
The more hypoxic conditions typical of the mid-marsh preserve both the BGB (as seen in
Fig. 3.4) and increase the organic matter in the soil, as shown by the LOI values (Fig. 3.5).

Another important result comes from the comparison of the AGB with the BGB retrieved in
this study (Fig. 3.2). The fact that in general, the BGB increases linearly with the AGB
seams trivial, but it is not. First, we notice that this behaviour is general, i.e. includes all the
associations that were sampled in the field. Even though the determination coefficient is
not very high (R? = 0.4), the generality of this relation is extremely valuable. | mean that
whenever we see or measure a large AGB value on the marsh surface, we are confident
that the BGB accumulated underneath is large too. And considering the amount of work
and time needed to retrieve the BGB in the field and in the lab, the relation is even more
noticeable. This relation is also the key link to the use of remote sensing in this thesis. In
fact, remote sensing can be used to retrieve spectral signals that allow us to calculate
vegetation indices (VIs). Since we have seen that ViIs are good proxies of AGB, we can
use them to infer the spatial distribution of the AGB across the marsh. This is a big step
forward if we consider that field campaigns are extremely time consuming and allow the
collection of a small number of samples. Therefore, UAV systems, as the one used in this
study, allow determining the spatial distribution of the selected VI, which can be calibrated
using limited field observations, as we performed in this research. Since the VIs can be
used to infer only the AGB, as we just said, a significant correlation between AGB and
BGB allows us to make predictions about the BGB, which is a quantity that could not be
measured from remote sensing otherwise.

In this work, four vegetation indices were selected, and their values calculated to provide a
spatial representation of vegetation variability throughout the marsh. The potential
correlation of the four different indices with AGB and BGB values was also evaluated
(Figure 3-7 and Figure 3-8). When analyzing the correlation between the indices and the
ABG values, it is noticeable that NDVI and SAVI perform better than GEMI and MSAVI.
However, NDVI represented vegetation with AGB in the lower and middle parts of the
marsh (Lim.nar) better than all other indices and showed a strong linear positive
correlation (Fig. 3-7). The values of AGB in this region are not very high, indicating that
NDVI is a good proxy in the low and middle marsh areas. In areas where the AGB is high
(Sar.fr. and In.crit.), the index becomes saturated. A possible explanation for this could be
that the NDVI is sensitive to saturation problems in dense canopies (Swoish et al., 2022).
None of the other indices calculated in this work provided better results. The SAVI index,
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for example, is known to separate vegetation from the soil factor. Our results show a very
low correlation of SAVI with AGB in salt marsh. The soil factor in salt marsh is low because
species continue to compete for space to grow and tend to colonize the surface of the
interstitial space. This phenomenon could be a possible explanation for why SAVI values
were poorly correlated with AGB. The MSAVI index was developed to improve the SAVI
index. Therefore, the MSAVI also has lower values.

The relationship between the index values and the BGB was found to be weak. This
analysis was performed even though it is known that vegetation indices were developed to
study aboveground vegetation based on physical characteristics related to photosynthetic
activity. However, since we found a significant correlation between AGB and BGB (Fig.
3.2), we also tested the correlation of vegetation indices with BGB. No clear correlations
were found, which could be due to the limited amount of data available.

The final result of this thesis, i.e. the NDVI map shown in Fig. 3-9, suggests interesting
insights on the biomass distribution across the studied saltmarsh. High NDVI values (NDVI
> 0.6, i.e. red areas in Fig. 3.9) are located between the inner part of the marsh and the
creeks, including the levees. Most of the marsh area belongs to this category, suggesting
that the majority of the marsh has AGB larger than 400 g/m? (see Fig. 3.7). The areas with
0.3 < NDVI < 0.6 are located in the inner marsh portions, where small creeks end and
create ponds and salt pans. These areas, usually colonized by Sal.ven. and Sp. spp. are
the lowest portions of the marsh, difficult to colonize, and our results suggest that here the
AGB is lower than 400 g/m2 (see Fig. 3.7). These low areas cover a small surface of the
marsh if compared to the large areas colonized by mid- and high-marsh species, where
the biomass is larger.

CONCLUSIONS

In conclusion, this study discussed approaches of quantifying the biomass distribution in a
salt marsh of the Venice Lagoon. The analyses also focused on the amount of organic
matter stored in soils. Hyperspectral data collected through a UAV system were used to
compute vegetation indices to retrieve possible correlations to AGB and BGB. The results
show that: (i) the species that grow in the high and mid marsh, closer to the creeks,
produce larger AGB and BGB than species that grow in the low marsh; (ii) belowground,
the vegetation biomass decreases with depth and low-marsh species (Sal.ven. and
Sp.ang.) do not produce biomass below 20 cm from the soil surface; (iii) Lim.nar. is the
association that contributes most to the biomass stored in the marsh soil as well as to the
soil organic matter; (iv) in general, the BGB increases linearly with the AGB; (v) NDVI is a
good proxy for the AGB only for low and mid-marsh vegetation species, while it saturates
for high-marsh high-biomass vegetation; (vi) most of the studied marsh is covered by
dense vegetation, with AGB biomass larger than 400 g/m?2.
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ANNEX

Table 1 Values of AGB, BGB, Bulk density and LOI for each plot and their respective bio
are shown, together with their sum and average. They are organized according to their
species associations.

BGB g/m2
Species Ass+ GPS lociations AGBs g/m2 ME;: 'E;b" B”[': ﬁ:;'t"r LOI%
depth)
Sarcocornia == B0%
PEE1 1280.75 5008.96 0.46 15.28
PRE2 73550 545161 052 1217
PEE3 1520.75 8717.45 0.48 13.23
Average P3 1180.33 6392.69 0.49 13.56
GP521 1003.00
GP524 1343.75
GP525 2378.00
Average Species association 1377.63
Limonietum (Limonium >= 80 %)
P1BE1 29550 677747 0.59 13.95
P1BE2 35775 5430.02 046 1571
P1BE3 28800 6272.37 0.50 16.35
318.42
P2E1 54575 721951 051 15.07
pP2BE2 385.00 6601.95 0.64 10.62
P2B3 464 50 4175.56 0.48 1471
468.42
P5E1 58525 8576.91 0.45 18.68
P5E2 525.00 4550.24 0.44 14 58
P5E3 52800 6472.93 0.36 15.35
548.75 6319.67 0.49 15.00
GP520 27B.75
GP522 484 75
Average Species association 434.57
Spartina maritima >= 20 % and <= 70%
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P7B1 332.00 5506.80 0.38 16.63

P7E2 3BB.50 463575 0.39 17.42

P7E3 189.25 4365.05 0.38 7.98
303.25 4835.90 0.38 14.01

GP52 3BEB.OO

GP58 707.00

GP311 385.75

GP512 47675

GP513 521.25

Average Species association 424.94

Spartina maritima = 100% 1044.16

GPE6 1029.75

GP5315 22597.00

Average GPS 1663.38

including the 100 density

Juncus >= B0%

GP515 15556.75

GP518 765625

Average GP5 1161.50

Inula >= 50%

P10B1 140525 4731.05 0.56 11.79

P10B2 585.00 3B41.56

P10B3 191.25 2639.33 0.72 9.41

Average P10 758.83 3753.08 0.64 10.60

GP517 1285.00

GP319 853.00

GP523 967.75

Average Species association B97.71

Spartina angli{:a| >=00%

P4E1 481325 264004 0.38 0.49

P4B2 365.75 1683.36 0.39 14.75

P4B3 315.50 304721 0.42 15.17
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P4B3 315.50 3047.21 0.42 15.17
Average P4 JB7.50

PEE1 207.00 1715.76 0.61 10.87
P&BE2 312.00 1317 .68 0.49 1252
PSB3 41325 1B37.18

Average PG 340.75 2041.71 0.46 10.78
GPS9 3B4.75

GP514 360.00

Average Species association 366.19

Salicornia veneta| > 30% w Soil

P3B1 152.00 18561.31 0.49 11.92
P3B2 144 25 1434 55 0.49 11.93
P3E3 23725 2011.62 0.48 15.28
Average P3 177.83

PSBE1 221.00 0.51 449
PSE2 177.75 1839.17 0.32 3.24
PSE3 70.25 615.05

Average P9 156.33 1552.34 0.46 9.37
GPS1 526.50

GP54 176.75

GPS5 236.75

GP57 126.75

Average Species association 206.93
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Table- 2 Represents the mean values of the spectral curves used to compute the indices
NDVI; SAVI; MSAVI and GEMI. The values are shown for each species association.

Dominant species | RED NIR BGB AGB (g/m2) | NDVI SAVI MSAVI | eta GEMI

Lim. nar. 0.052 | 0.304 | 2858.10 | 318.41667 0.705 0.442 0.427 0.772 0.701
Lim. nar. 0.048 | 0.298 | 3340.10 | 468.41667 0.721 0.443 0.428 0.762 0.657
Sal 0.071 | 0.175 | 131590 | 177.83333 0.433 0.217 0.185 0.478 0.479
Sp. ang. 0.061 | 0.341 | 1960.00 387.5 0.656 0.465 0.457 0.850 0.737
Lim. nar. 0.044 | 0.265 | 8976.90 548.75 0.716 0.410 0.387 0.688 0.654
Sp. ang. 0.076 | 0.294 | 1715.80 340.75 0.550 0.376 0.354 0.737 0.654
Sp. mar. 0.065 | 0.201 | 53506.90 303.25 0.509 0.265 0.231 0.530 0.523
Sar. fr. 0.075 | 0.354 | 5009.00 | 1180.3333 0.666 0.486 0.483 0.554 0.777
Sal 0.068 | 0.176 | 1839.20 | 156.33333 0.442 0.218 0.185 0.472 0.477
In. crit. 0.045 | 0.221 | 4781.10 | 758.83333 0.636 0.335 0.302 0.584 0.578
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