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Abstract

Given the increasing concentrations of greenhouse gases in the atmosphere, combating climate
change is no longer an option but a necessity. Various methods have been developed, including
technologies to reduce greenhouse gas emissions and sequester them. This work falls in the
scope of soil carbon sequestration through bamboo planting. A Belgian botanical garden with
a bamboo plantation has been used as an experimental field. Multiple samplings were carried
out, including soil organic carbon and respiration measurements. The aim was to accurately
compare the carbon dynamics between grassland and three bamboo species belonging to the
same genus (Phyllostachys).

After twelve years of planting bamboo in a grassland, no significant increase in soil organic
carbon stock was measured except at a depth of 30 to 40 cm. One species of bamboo emitted
less CO2 from the soil than grassland or the other two bamboo species. Additional experiences,
including biomass measurements or chemical analyses, were conducted to justify the findings.

Finally, several improvements to the experimental setup have been proposed. This work opens
up multiple perspectives, such as replicating the experiment in a forest or a possible carbon
remuneration by policymakers.

Key words: Belgium, bamboo, soil organic carbon, stock, biomass, stability, soil respiration,
CO2 efflux
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Résumé

Etant donné l’augmentation des teneurs en gaz à effet de serre dans l’atmosphère, lutter contre
le changement climatique n’est plus une option, mais bien une nécessité. Différentes méthodes
sont développées, incluant des technologies de réduction des émissions de gas à effet de serre,
ou encore celles visant à les séquestrer depuis l’atmosphère. Le présent travail s’inscrit dans
le cadre de la séquestration du carbone dans le sol par la plantation du bambou. Un jardin
botanique belge possédant des parcelles de bambou a été utilisé en tant que terrain expérimen-
tal. De multiples échantillons furent pris, incluant des mesures de carbone organique du sol
et de respiration. L’objectif était de comparer fidèlement la dynamique du carbone entre une
prairie et trois espèces de bambou appartenant au même genre (Phyllostachys).

Après douze ans d’implantation du bambou sur une prairie, aucune augmentation significa-
tive du stock de carbone organique du sol n’a été mesurée, à l’exception de la couche de sol
entre 30 et 40cm de profondeur. Le sol d’une espèce de bambou émettait significativement
moins de CO2 que la prairie ou que les deux autres espèces de bambou. Des expériences sup-
plémentaires, telles que des mesures de biomasse ou des analyses chimiques, ont été mises en
place pour tenter de justifier les découvertes.

Finalement, plusieurs améliorations du dispositif expérimental ont été proposées. Le présent
travail ouvre la porte à maintes possibilités, telles qu’une reproduction de l’expérience en sys-
tème forestier ou une éventuelle rémunération carbone par les décideurs politiques.

Mots clés: Belgique, bambou, carbone organique du sol, stock, biomasse, stabilité, respiration
du sol, flux de CO2
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Chapter 1

Introduction & Literature review

1.1 Context

The current problem of global warming is mainly caused by rising levels of greenhouse gases
(GHGs) in the atmosphere, especially the anthropogenic emissions of carbon dioxide (CO2) and
methane (CH4) (Le Quéré et al., 2015; Yoro and Daramola, 2020). Since the industrial revo-
lution in 1760, the atmospheric carbon dioxide content has increased by 31% (Lal, 2004). This
general upward trend is still hastening over time, as shown by the Keeling curve, indicating that
the CO2 concentration has increased from 313ppm in 1958 to 421ppm in June 2022 (UC San
Diego, 2022). Human activities, such as burning fossil fuels, industrial processes, conversion
of natural ecosystems to conventional agriculture and deforestation, are mainly responsible for
these significant increases (Lal, 2004). In particular, deforestation disrupts the carbon cycle,
accounting for 25% of the annual GHGs emissions (Al-Ghussain, 2018).

The 26th United Nations Climate Change Conference in Glasgow, more commonly known as
the Conference of the Parties (COP26), affirms that further efforts are needed to limit the global
average temperature rise to below 2°C. Reducing anthropogenic carbon dioxide emissions by
45% is thus crucial for countries to achieve net zero emissions by 2050 (United Nations, 2021).
Many technologies are trying to mitigate climate change, including de-carbonation techniques
or industrially absorbing CO2 from the atmosphere (Panepinto et al., 2021). In addition to
these approaches, soil-based greenhouse gas mitigation strategies, such as a change in agricul-
tural practice, are being studied (Chenu et al., 2014; Paustian et al., 2016; Deluz et al., 2020).

A balance between the inputs and outputs of carbon in the system regulates the carbon content
of the soil (West and Six, 2007). When this balance allows organic carbon accumulation in the
soil, it is called sequestration. However, this process is profoundly complex as it also depends
on many environmental variables. The soil organic carbon (SOC) dynamics is rather slow and
therefore takes several years to examine and to detect changes (Srivastava et al., 2016). All
of this makes it time-consuming to monitor and very laborious to model (Sierra et al., 2012).
Despite the difficulties, many studies lead to a better understanding of organic carbon dynamics
and sequestration in soils, especially in croplands, grasslands and forests (Chenu et al., 2014;
Chenu et al., 2019; Morais et al., 2019). Sequestration of atmospheric carbon in soils in the
form of SOC is widely regarded as a promising method for global climate change mitigation
(Srivastava et al., 2016). In the long run, combining the reduction of greenhouse gases, CO2 in
particular, from the atmosphere, with better ecosystem management seems achievable.
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1.2 Carbon dynamics

As the scope of this work focuses on soil carbon dynamics, a review of the mechanism of
atmospheric carbon storage in soil is made. Soils worldwide are a vital compartment for carbon
sequestration (Lal, 2013). Ontl and Schulte, 2012, define soil carbon sequestration as "a process
in which CO2 is removed from the atmosphere and stored in the soil carbon pool". Chenu et al.,
2019, recommend differentiating between sequestration and storage, as the latter refers to a
SOC stock increase. Between 1500 and 2400 Pg (peta gram = 1015g) of organic carbon is
stored in the first two metres of soil. In comparison, about three to four times less carbon
is present in vegetation (450 to 650 PgC) and three times less in the atmosphere (830 PgC)
(Chenu et al., 2014; Paustian et al., 2016; Bispo et al., 2017; Tiefenbacher et al., 2021).

Figure 1.1: Carbon cycle in a terrestrial ecosystem (Longdoz, 2021)

Soil carbon sequestration occurs mainly through plant photosynthesis, also known as Gross
Primary Production (GPP), after which the carbon is stored in the soil as soil organic carbon
(SOC) (Ontl and Schulte, 2012) (Figure 1.1). The Net Ecosystem Exchange represents the
exchange of CO2 efflux between the air and the terrestrial ecosystem. It is therefore equal to
the sum of Gross Primary Production and ecosystem respiration (Yuan et al., 2011). The latter
includes all CO2 effluxes that leave the ecosystem to the atmosphere, and is often simplified
to soil respiration. Finally, soil respiration represents the sum of the autotrophic respiration of
the living roots and the heterotrophic respiration of the organic matter that decomposes under
the action of microorganisms (Ngao et al., 2007). In other words, soil respiration encompasses
the functioning of CO2-producing plant cells and the respiration of microorganisms.
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Different environmental variables influence respiration and photosynthesis effluxes. Firstly,
ecosystem respiration increases with rising temperatures (Melillo et al., 2002; Yuan et al.,
2011). The water content of the soil can also affect respiration. Indeed, when the soil is dry,
microorganisms have more difficulty accessing dissolved organic carbon (DOC), thus resulting
in lower respiration (Yang et al., 2019). The last parameter influencing respiration is the R10

factor, also known as basal respiration rate (Z. Zhou et al., 2013). It is a system-specific factor
that depends on the amount of biomass. It represents the respiration of the ecosystem when it
is at 10°C.

The factor that most affects Gross Primary production is the Photosynthetic Photon Flux
Density (PPFD). It corresponds to the number of photons in the visible range of radiation (400
to 700nm), reaching the plant per square metre per second [µmol m−2 s−1] (Ritchie, 2010).
The higher this variable, the higher the photosynthesis, considering a saturation level. The last
variable that strongly influences the inflow of CO2 into the plant is the Vapour Pressure Deficit
(VPD), defined as the difference between the actual air pressure and the vapour pressure in
the leaf. When this difference is too significant, the leaf stomata close, leading to a decrease in
photosynthesis (McAdam and Brodribb, 2015).

Many drivers influence the storage of SOC. Firstly, climate, whose temperature directly affects
mineralisation, and thus humidity accelerates the weathering of the parent mineral, resulting
in the formation of SOC-stabilising mineral surfaces (Wiesmeier et al., 2019). The vegetation
type and land use are crucial parameters in SOC storage (Viscarra Rossel et al., 2014). Thus,
there will be less carbon input to an agricultural field, the soil organic matter (SOM) protective
aggregates are more degraded, and the plot is also more often subject to erosion (Wiesmeier
et al., 2019). The second point is very important in the stabilisation of the SOM. Soil aggre-
gates can be divided into macroaggregates (250−2000µm) and microaggregates (53−250µm)
(Six et al., 2000; Six et al., 2002). A conventional agricultural system under tillage decreases
the formation of SOM-protecting micro-aggregates. Conversely, a no-till farming system will
reduce the macroaggregates turnover, leading to SOM-stabilising microaggregates (Six et al.,
2000).

Six et al., 2002, identifie three mechanisms for stabilising SOM: physical protection by mi-
croaggregates, which has just been presented, chemical protection and biochemical protection.
Chemical protection consists of an association via chemical links between the SOM and the clay
or silt particles. The biochemical protection corresponds to the SOM’s chemical composition,
whose complexity makes its degradation more difficult in the soil. However, this last point has
been much debated for the past years (Schmidt et al., 2011). Lehmann and Kleber, 2015, pro-
pose that the biodegradability of SOM in the soil depends on the interactions with aggregates
and the metallic links between SOM and soil minerals. A modern view of thermodynamics
suggests that the chemical SOM composition does not control its biodegradability in soil. In
litter, however, this conclusion does not apply, and the chemical complexity of SOM delays its
degradation.

Finally, the multiple benefits of soil carbon storage should not be overlooked. It increases
soil fertility, thus implying better agricultural productivity, it acts as a soil cement and helps
combat erosion, it contributes to climate regulation when the soil is well managed, and it
also serves as a carbon source for connected aquatic environments (Meersmans et al., 2008;
Lehmann and Kleber, 2015). Now that the carbon dynamics basics have been presented, the
case of bamboo can be investigated.
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1.3 Presentation and morphology of bamboo

The term bamboo refers to the subfamily Bambusoideae. It is a grass family (Poaceae) member
and is the only grass lineage to have completely diversified and developed in forests (Liese and
Köhl, 2015; Saarela et al., 2018). Its taxonomic classification has evolved considerably towards
the end of the 20th century, thanks to advances in molecular biology (Zhang et al., 2020). Nearly
1500 species of bamboo have been recorded in Asia, America and Africa. The latitude range
for bamboo is 47°S to 50°N, and they can be found between sea level and 4300 metres above
sea level (Liese and Köhl, 2015). Bamboo has been used for artistic and technological purposes
for centuries (Liese and Köhl, 2015). It is also part of the daily life of some populations who
use it to build houses, monuments, or even supply water (Humanitarian, 2009; Mirmehdi, 2016).

The aerial stem of bamboo, called the culm, is a vertical, circular, hollow extension
(Figure 1.2a) (Liese and Köhl, 2015). Some culms can be up to 30 metres high and 30 cen-
timetres wide (Rocky and Thompson, 2018). The branches are usually inserted at the nodes.
The root system of the bamboo is highly developed. Underground, a rhizome initiates the
development of a whole network of roots that join together to connect several culms (Figure
1.2b) (Liese and Köhl, 2015; Rocky and Thompson, 2018). The roots can reach great depths,
depending on the species and age of the plant.

(a) (b)

Figure 1.2: Morphology of bamboo with (a) the above ground culm (Gangwar and Schillinger,
2019) and (b) the below ground part of the plant, showing a typical rhizome (Liese and Köhl,
2015)

Bamboo grows remarkably fast. It can sometimes grow up to 100−250cm per day (Rocky and
Thompson, 2018; Basak et al., 2021). Its mechanical properties are being increasingly stud-
ied. It has good tensile strength, is relatively light and does not require replanting thanks to
its well-developed root system (Humanitarian, 2009; Samson and Adeniyi, 2015; Rocky and
Thompson, 2018; Sanchez et al., 2019). In addition, the bamboo culms from six months to
three years old can be harvested to extract their fibres. Compared to cotton planting, ten times
more fibre per unit area can be obtained from bamboo (Rocky and Thompson, 2018).
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1.4 Bamboo as a carbon sequestration strategy

Bamboo forests cover a considerable part of Asian regions (Chen et al., 2009). For exam-
ple, bamboo occupies approximately 4.99 million hectares of China’s territory. Its large ex-
tent underlines the importance of knowing the SOC stock of bamboo. Chen et al., 2009,
quantifie the carbon content of the aerial part of a China’s Moso bamboo forest at 20.85
[Mg ha−1]. The SOC stock, 71% of which is stored in the first 40cm, depends on the type
of forest management, i.e. extensive or intensive. The extensive management respects the
natural conditions of the forest ecosystem as much as possible, while avoiding human distur-
bance. It is more effective in storing organic carbon in the soil than intensive management
(Chen et al., 2009). The latter involves removing all the grasses from the vegetation cover
while adding fertilisers. The authors also showed the growth of carbon stock in bamboo in the
past decades, and predicted the same trend for the future with the expansion of bamboo forests.

Li et al., 2015, also worked on the same Chinese forest. Using several databases, they show that
the bamboo forest will continue to play a crucial role in the future as a carbon sink. They also
argue that tree selection is paramount in the models. This step should optimise the economic
and ecological potential of bamboo. Finally, the authors highlight the excellent properties of
bamboo as a building material. The industry is sustainable, and bamboo products become a
long-term carbon sink (Li et al., 2015).

More recently, Lin et al., 2018, studied SOC’s chemical composition eleven years after convert-
ing a natural bamboo forest to intensive management. The results show that this conversion
significantly decreases SOC contents and stocks in the first 40cm of the profile. By studying
carbon stability through cumulative CO2 efflux expressed in [mgC kg−1], they show that this
conversion improved carbon stability. The decrease in SOC mineralisation is notably linked to
the decline in labile carbon content. However, when looking at the net carbon balance, the
improved stability is counterbalanced by the stock diminution (Lin et al., 2018).

Soil bulk density is another factor that can be linearly correlated with SOC content. As the
former increases, the latter will often decrease (Minasny et al., 2006). This linear trend is valid
regardless of the depth of the soil layer considered. However, this correlation is statistically
stronger in the first 30cm of soil (Tsui et al., 2013). It can be explained by increased organic
matter content and lower clay content. Finally, according to Tsui et al., 2013, and their study
in the Taiwan mountains, SOC stocks are also positively correlated with the type of vegetation
and the Taiwanese mountainous landscape’s altitude.

Since the aerial parts, i.e. mainly the culms, also play a role in carbon sequestration, al-
lometric equations are developed to model the sequestered content as a function of various
measurable bamboo parameters (Henry et al., 2013).

Yuen et al., 2017, report a rigorous comparison between several bamboo forests and tem-
perate evergreen forests. By synthesising the data, they can quantify the total carbon content
of the ecosystem. This value includes the carbon contained in the above-ground parts, i.e. the
trunks and leaves, the below-ground parts, i.e. the roots mainly, and the organic carbon in the
soil. They show that soil organic carbon accounts for 76% of the total carbon in the bamboo
ecosystem, and 74% of the total carbon in evergreen forests (Yuen et al., 2017). In addition,
the bamboo forest has an excellent potential to sequester atmospheric CO2 compared to other
terrestrial ecosystems (G. Zhou et al., 2011).
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Finally, the effect of depth on the SOC stock of bamboo is also demonstrated. Collecting data
from more than 52 separate Asian sites shows a trend of increasing SOC stock with depth (Yuen
et al., 2017). It highlights the importance of considering the lower horizons when calculating
SOC storage. The policymakers’ role is underlined as it is up to them to take pro-carbon
storage decisions in the light of scientific advances.

1.5 Main problem & objectives of the study

Scientific studies on the SOC storage of bamboo have gained importance in recent years. How-
ever, these studies are mainly limited to quantifying the stock at a specific time or modelling its
evolution. Few studies make a rigorous comparison between the transition from an ecosystem
to a bamboo plantation.

The present work, therefore, aims to:

(i) Compare SOC stock between grassland and three bamboo species planted on the same
land 12 years ago. The intra-bamboo variability must also be studied, and explanations
for the possible variations should be considered.

(ii) Compare the soil CO2 efflux between these four vegetation types. These analyses also
aim to determine the stability of the SOC. Explanations for possible variations must also
be considered.
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Chapter 2

Material & Methods

2.1 Study site description

2.1.1 History

The study site is located in Merksplas, a small municipality on the northern side of Belgium.
The experiment took place in the botanical garden De Kleine Boerderij. The region has a
unique history. It started in 1822 when the Dutch government founded the Colony of Merk-
splas (Figure 2.1a). Belgium did not yet exist, and the territory still belonged to the Kingdom
of the Netherlands. Low-income families used to live on small, separate farms, each with a plot
of land to cultivate. It was an agricultural solution to the growing problem of beggars.

After the Belgian independence in 1830, the project evolved. Beggars by birth, ended up
in Wortel, a nearby municipality. People who begged due to debauchery were locked up in
Merksplas (Gevangenismuseum, n.d.). Shortly after the First World War, a penal agricultural
school was founded. The agricultural work occurred on the small farm, translated in Dutch as
"de kleine boerderij". The Colony came to an end in 1993 with the abolition of the vagrant
law (Plantentuin Merksplas, 2022). Jan Oprins, a plant collector and current botanical garden
owner, acquired 8 hectares of land. He turned it into an educational centre called De Kleine
Boerderij, where visitors can attend guided tours.

(a) (b)

Figure 2.1: Colony of Merksplas with (a) the old Farmyard (Gevangenismuseum, n.d.) and
(b) the map of Belgium where the red dot highlights Merksplas
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2.1.2 Climate

The study site (51°20’53”N, 4°49’38”E) is located in northern Belgium (Figure 2.1b) and has
a temperate climate. From data collected by the Royal Meteorological Institute of Belgium
(RMI) between 1991 and 2020, the average temperature over the year in Merksplas is 10.8°C,
and the average annual precipitation is 893.5 mm. The average maximum temperature (23.6°C)
occurs in summer, which runs from June to September, while the average minimum temperature
(0.8°C) occurs in winter, which runs from December to March.

2.1.3 Geology

The mapping area is part of the Antwerp Kempen, also called Northern Kempen. Since the
system under study concerns the upper soil horizons, it is necessary to look at the Quaternary
geology. The Quaternary map shows the most superficial, and therefore the most recent,
geological layers, i.e. deposits of the last 2.58 million years. The thickness of the Quaternary
deposits varies within the Antwerp mapping area from 60 metres in the northern part to less
than 10 metres in the southern part (Bogemans, 2005). The surface layer is mainly formed by
sand deposited by the wind during the Last Glacial Period, known as the Weichselien. Dutch
literature commonly calls that aeolian sand dekzand. The Quaternary geology is composed
of successive deposits on top of each other. According to their composition, geologists have
classified them into 42 types (Bogemans, 2005; Databank Ondergrond Vlaanderen, 2020), as
illustrated in Figure 2.2.

Figure 2.2: Quaternary map of the Flemish Region where the red dot highlights Merskplas

The map’s purpose, however, is only to give a first overview of the spatial distribution of
geological types within the Flemish Region. This map is a generalisation based on smaller
original maps at a scale of 1:50,000. Since the study area is relatively small, looking at the
local map for the geological type is essential.
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Figure 2.3: Quaternary map of the botanical garden "De Kleijne Boerderij" where the red area
highlights the study site. The legend is based on the detailed map initially made at a 1:50,000
scale. Background image: Orthophoto 2022

Figure 2.3 shows the underlying Quaternary geology of the botanical garden "De Kleine Boerderij",
where the experiments took place. The map reveals that the study site belongs to type 15 and
is surrounded by type 11. Each geological type is characterised by its lithostratigraphy, which
consists of several successive sedimentary layers. Figure 2.4 shows the type 15 lithostratigraphy
in a two-dimensional sequence from top to bottom.

Figure 2.4: Lithostratigraphy of type 15 (adapted from Databank Ondergrond Vlaanderen,
2020). The lithostratigraphy of type 11 is the same as type 15 without the Ravels Formation
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The Gent Formation corresponds to the surface layer and dates from the Late Pleistocene. Its
thickness varies and can be up to 2 or 3 metres deep (Bogemans, 2005). The Ravels Formation,
which dates from the Early Pleistocene, is underneath and can be up to 3 metres deep; in some
places, it comes very close to the surface, merging with it. In the context of this work, the
geology of the soil studied corresponds to eolian sandy deposits, which may be mixed with local
fluvial sand deposits.

2.1.4 Pedology

The cartographic unit used to characterise soils is the series developed by the Centrum Voor
Bodemkartering (CVB) (Van Ranst and Sys, 2000). Each soil series is represented by a three-
letter code, which refers to the three main characteristics of the soil profile: soil type or texture,
drainage and profile development or horizon succession. The digital soil type map of the
Flemish Region (Databank Ondergrond Vlaanderen, 2017) indicates that the study site, which
was highlighted in red in Figure 2.3, lies on a Zcg soil. The meaning of each letter is given in
Table 2.1. In order to verify the information of the digital map, a soil core, which was augered
from the study site, is shown in Figure 2.5.

Table 2.1: Soil description of the study site according to the digital map of Flanders

Letter Characteristic Meaning

Z Texture Sand

c Drainage Moderately dry soil

g Profile development Humus/iron B horizon (Podzol)

Figure 2.5: Soil profile description of the grassland from the study site. Each colour corresponds
to a 10cm section. The colours are only based on a personal visual interpretation
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Following the identification method of the World Reference Base for Soil Resources (WRB), Fig-
ure 2.5 indicates the presence of a diagnostic horizon called the spodic horizon, located between
50 and 60cm depth. It is defined as a "dark colored subsurface horizon with illuvial amorphous
substances composed of organic matter and aluminum, with or without iron" (Singer, 2008).
This definition corresponds to the visual observation on-site, thus naming this humus horizon
as a Bh. The soil profile analysis, therefore, fits well with the podzol indicated by the digital
map.

The pedogenesis of the site can now be explained. An eluvial E horizon was bleached by
organic acids that complex aluminium (Al) and iron (Fe), commonly known as acidocomplex-
olysis (Mokma et al., 2004). The soluble metal-organic complex was therefore transported to
the lower horizons. This migration is called cheluviation. Its accumulation in the underlying
horizon forms the black Bh spodic horizon, rich in organic matter and typical of podzol. Two
factors are required for this vertical transfer of the soluble metal-organic complex. Firstly, some
precipitation is needed. This parameter appears to be present as the average annual rainfall is
893.5mm. The physical (particle mobilisation) or chemical (organic acids production) character
of this downward migration of Al, Fe, and dissolved organic matter (DOM) is notably linked to
high and low percolation, respectively (Krettek and Rennert, 2021). The second requirement
is an initially highly siliceous parent material, such as a sandy material or a quartzite loaded
with silica and, therefore, quartz (Soil Atlas of Europe, 2005). The study area also meets this
second criterion. Finally, the yellow colour indicates the presence of mineral elements. The
yellowish illuvial horizon Bs is an accumulation horizon of iron and aluminium oxides.

What happens at a depth of 70cm and below is specific to the region. A new brown hori-
zon lies below the first Bs horizon. An observation of a quarry located 940 metres southeast
of the study site has been carried out to discover the origin of this horizon. Figure 2.6 reveals
a darker horizon at a depth of 2 metres. This horizon slopes upwards towards the surface,
towards the north, i.e. coming up to the study site. It could therefore be found at a depth of
80cm at the study site.

Figure 2.6: Geographical location of the paleosoil. The yellow dot highlights the location
(51°20’59”N, 4°49’59”E) from which the photo (right) was taken and thus the position of the
palaeosoil. Background image of the map: Orthophoto 2022. Source: personal photo (right)
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Furthermore, an ice age took place before the beginning of the Early Pleistocene. Glacial
erosion is likely to have occurred, and a paleosoil may have set afterwards, i.e. at the beginning
of the Early Pleistocene. The Early Pleistocene climate was warm, very wet, and consisted
mainly of an interglacial period. The land was heavily impacted by marine and river water.
Sea and river deposits (gravel, sand and clay) occurred on a large scale. It also contributed
to the development of lush vegetation, enriching the soil with organic matter (Wesselingh and
van den Hoek, n.d.). The Early Pleistocene led to the Ravels Formation. The latter typically
contains paleosoils with rich organic matter, sometimes even peaty horizons 1. It reinforces the
hypothesis of a paleosoil, on which the podzol described above would have developed.

2.2 Equipment

2.2.1 Soil sampling

A typical auger has collected all soil samples (Figure 2.7a). Lines were drawn in black every
10cm to take the same soil depth. A root auger has taken undisturbed soil samples with a
constant and known volume (Figure 2.7b). Knowing the volume allowed us to calculate bulk
densities and root masses.

(a)
(b)

Figure 2.7: Soil sampling equipment with (a) the auger and (b) the root auger. Source:
Eijkelkamp

2.2.2 Soil respiration

A portable CO2 gas analyser (EGM-5, PP Systems) (Figure 2.8a) was used to monitor the CO2

efflux out of the soil. It is a lightweight instrument (1.5 kg) with a 7.2V battery that allows
16 hours of autonomy. The analyser is easily transportable and therefore very convenient to
use. A soil respiration chamber (SRC-2, PP Systems) (Figure 2.8b) connected the gas to the
analyser. It is made of PVC and has a circular metallic end that can combine with a white
collar (PP Systems). The combination provides good air sealing. It is essential because the
wind is more potent when making on-site measurements and could bias the measures. Some
authors recommend differentiating soil respiration from CO2 efflux for short-term measurements
because a small part remains trapped in the soil porosity (Maier et al., 2011). However, the
measured CO2 efflux will be referred to as soil respiration for ease of understanding.

1This information has been confirmed by Mr Jan Walstra, a geologist at the Geological Survey of Belgium.
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(a) (b)

Figure 2.8: Soil respiration measuring equipment with (a) the EGM-5 Portable CO2 Gas An-
alyzer and (b) the SRC-2 Soil Respiration Chamber. Source: PP Systems

The analyser, already calibrated by the manufacturer, works as follows. Mid-infrared light is
sent through a cell. When a target gas, i.e. a CO2 molecule, enters the cell, it absorbs some
infrared energy. A sensor can then measure the decrease in infrared energy at the other end of
the cell (2.9). The Beer-Lambert attenuation law states that the infrared signal received by the
detector decreases with increasing target gas concentration. The infrared absorption spectrum
of CO2 is at 4.26 µm. Because there is limited overlap with other molecule’s absorption bands,
that wavelength offers acceptable accuracy. The analyser finally measures a molar concentration
in [ppm CO2], i.e. [µmol CO2 µmol−1 air].

Figure 2.9: Schematic of the gas analyser operation (EGM-5 datasheet). Source: PP Systems

Since CO2 efflux depends on environmental variables, a sensor (5TM, Decagon Devices) (Figure
2.10a) connected to an electronic reader (ProCheck, Decagon Devices) (Figure 2.10b) was used
to measure soil temperature and water content. Each temperature and moisture measurement
was made simultaneously as the soil respiration measurement.

(a) (b)

Figure 2.10: Soil temperature and water content measuring equipment with (a) the temperature
and humidity sensor and (b) the electronic reader. Source: Decagon Devices

13



The 5TM sensor was chosen because it is compact and allows instant measurement at the de-
sired location. The electronic reader (ProCheck) automatically outputs the soil temperature
[◦C] but not the water content. The latter is monitored by the 5TM probe using capacitance
technology to calculate the dielectric constant εr [-], also known as relative dielectric permit-
tivity. The dielectric constant is the ability of a material, i.e. the soil, to store electrical charge
(Meter Group, n.d.). By creating an oscillating wave of 70Mhz frequency, the sensor sends an
electromagnetic field in the surrounding medium (5TM datasheet). The soil’s dielectric permit-
tivity will impact the wave’s amplitude and the electromagnetic field’s charge (Shaikh et al.,
2019). Because the soil particles’ moisture and spatial arrangement influence the dielectric
constant, the new charge determines the soil water content (Capparelli et al., 2018). The raw
signal given by the sensor and read by the electronic reader must finally be divided by 50 to
obtain the dielectric constant εr.

The 5TM sensor was calibrated on sandy soil (4.8% clay, 3.8% silt, 91.4% sand) from Ten
Aard and stored by the Soil Physics and Mechanics Laboratory of Gembloux Agro-Bio Tech2.
The scientific literature calibrates this type of probe based on the known volumetric water con-
tent [cm3 cm−3 ]. However, this parameter could not be calculated as the bulk density of the
calibrated soil was unknown. For this reason, the gravimetric water content w [%] (equation
2.1) was used instead. It is not detrimental to the measurement campaign as the soil moisture
was used as a proxy for soil respiration and not to make a detailed hydrodynamic study of
the soil. Figure 2.11 shows the gravimetric water content calibration curve of the 5TM sensor.
Though the fit is often polynomial (Kim et al., 2008; Shaikh et al., 2019), the low permittivity
range is usually linear (Cobos, n.d.).

w [%] =
Weight of wet soil [g ] - Weight of dry soil [g ]

Weight of dry soil [g ]
× 100 (2.1)

Figure 2.11: Gravimetric water content calibration curve
w = 1.8467 ×εr − 1.2118

R2 = 0.995

2It would have been preferable to calibrate the probe on soil from the study site. However, to be repre-
sentative, this step requires a significant quantity of soil to be sampled. The experiments also aimed to avoid
destroying the vegetation typed for guided tours for the public. A soil of the same particle size was therefore
considered acceptable.
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2.2.3 Soil organic carbon analysis

Two techniques were used to quantify the organic carbon content of the soil [gC kg−1]: the dry
combustion method and the Walkley & Black chemical method.

Dry conbustion

The agricultural soil testing laboratory of La Hulpe conducted soil organic carbon (SOC) anal-
yses by dry combustion. This method uses an analyser that heats the soil to a very high
temperature. All the carbon is then oxidised to carbon dioxide, which an infrared detector can
measure. The method finally provides a content expressed in [gC kg−1].

Walkley & Black

The Walkley & Black method measures easily oxidisable carbon by chemical titration. It was
carried out in the Water-Soil-Plant Exchange laboratory of Gembloux Agro-Bio Tech. The
assay3 is based on the oxidation of organic carbon by potassium dichromate (K2Cr2O7) in a
strongly acidic medium (H2SO4). Reducing Cr6+ to Cr3+ releases oxygen used to oxidise the
organic carbon. This oxidation is an exothermic reaction that is not accelerated by heating in
the Walkley & Black method. Equation 2.2 represents the overall oxidation reaction.

 2K2Cr2O7 + 8H2SO4 −→ 2K2SO4 + 2 Cr2(SO4)3 + 8H2O + 3 O2

3 C + 3 O2 −→ 3 CO2

(2.2)

Mohr’s salt [Fe(NH4)2(SO4)2.6H2O] , a reducing agent, titrates the excess oxidant in the
presence of a colour indicator called diphenylamine. NaF is also added to complex the Fe3+

ions formed. This last step aims to prevent a redox reaction between these ions and the colour
indicator. The titration is completed when the colour changes from violet to dark green. Equa-
tion 2.3 gives the titration reaction.

K2Cr2O7 + 6 Fe(NH4)2(SO4)2 + 7H2SO4 ←→ Cr2(SO4)3 +

7H2O + 6 Fe(NH4)(SO4)2 +K2SO4 + 3 (NH4)2(SO4)
(2.3)

Finally, the organic carbon content of the soil is calculated by equation 2.4. The factor 10
converts a content expressed in [%] to [o/oo], i.e. [gC kg−1].

SOC [gC kg−1] = 10× (x− x′)× CMohr × 0.3×m−1 (2.4)

x and x′ are the volume [ml ] of titration solution (Mohr’s salt) used for the blank and soil
sample titration, respectively. CMohr is the Mohr’s salt concentration [mol l−1], 0.3 is the
factor corresponding to the mgC oxidised per reaction (De Vos et al., 2007) and m is mass of
the soil sample [g]. Equation 2.4 does not take into account the correction factor (CF).

3The complete protocol is available from the Water-Soil-Plant Exchange laboratory.
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2.3 Methodology & Sampling

2.3.1 Plot selection

The main ideas were to compare soil organic carbon dynamics between grassland and bamboo,
and the variability between several bamboo species as well. First, a grassland and a bamboo
plantation with the same soil type (Zcg) were selected based on the digital soil map of Flanders.
This initial need allowed us to define a provisional study perimeter. The soil type needed to
be the same, as soil’s texture, drainage, and groundwater rise influence the carbon dynamics
(Meersmans et al., 2007).

The agricultural history also had to be identical, as different practices lead to distinct ver-
tical distributions and long-term carbon storage in the soil (Virto et al., 2012; Chenu et al.,
2019). This information was checked on Geopunt, the central access point to geographical gov-
ernment information. No agricultural vegetation type change (grassland) was observed between
19794 and 2010 when the bamboo was planted. This last criterion strongly restricted the first
perimeter. The final study site is shown in Figure 2.12. It includes grassland and bamboo,
all on the same soil type (Zcg) and with the same agricultural history. Since the bamboo
was planted on this grassland, comparing their soil organic carbon dynamics is justified and
accurate.

Figure 2.12: Description of the study site, including a grassland and three bamboo species. Soil
type Zcg corresponds to the study area. The nearby Zdg soil type corresponds to moderately
wet soil and is marked out by the dark blue line. Background image of the map: Orthophoto
2022

4Geopunt does not give any images prior to this date.
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Once the study site had been delimited, three bamboo species belonging to the same genus
(Phyllostachys) were selected: black bamboo (Phyllostachys nigra), green bamboo (Phyllostachys
aurea) and yellow bamboo (Phyllostachys aureosulcata), as illustrated by Figure 2.12. The se-
lection was made based on the colour of the trunks, the species, and the accessibility of the
plots. Some bamboo plots were too dense to go in and were therefore eliminated. The choice of
three bamboo plots was based on a balance between a sufficient number of species to compare
while avoiding a massive number of samples to analyse. In addition, the yellow bamboo had
bigger culms, which would be interesting to compare with the other bamboo plots. Table 2.2
shows some characteristics of the four plots studied and aims to visualise the study site well.
A square of 9 m2 was delineated to count the bamboo culms. The square surrounded the
soil respiration measurement area and included the augered samples. Counting the number of
culms revealed their density within the large square.

Table 2.2: First description of the four plots studied. The density of the culms is based on a
square of 9 m2 representative of the plot.

Plot Plot area Culm density

[m2] [Culms m−2]

Grassland 445.22 /

Black bamboo 93.06 19

Green bamboo 57.15 15

Yellow bamboo 199.54 9

The square was also used to measure the average culm diameter. As reported in the literature,
a digital caliper measured the diameter of the culms at breast height (DBH), i.e. 1.3m high (Fu
et al., 2014; Prayogo et al., 2021). These diameter measurements were then used to calculate
a soil occupancy rate for bamboo (equation 2.5), which indicates what percentage of the soil is
occupied by bamboo culms. This factor was calculated to explain potential variations in soil
organic carbon stock.

Occupancy [%] = Average culm area [m2]× Culm density [Culms m−2]× 100 (2.5)

Finally, a 50-cm square was constructed to collect the leaves on the ground. Three bags of
leaves were collected per bamboo plot in order to try to explain the possible variation in soil
organic carbon stock.

2.3.2 First exploration of the system

First, an initial prospecting was conducted to know the system better. The first three soil cores
per plot were taken using an auger, with a 50cm distance between them. It was decided to
take samples in 10cm layers up to a depth of 1 metre. The objective of this prospecting was
to visually analyse the twelve soil profiles on-site and to observe how deep the roots went. It
revealed differences between the horizons, especially with depth. For this reason, the samples
were all analysed independently rather than as composites. Each 10cm layer was then dried at
40°C, crushed and sieved to 2mm, and finally sent to the testing laboratory of La Hulpe for total
carbon (organic + inorganic) analysis of the 120 samples. As none of the samples contained
inorganic carbon, soil organic carbon (SOC) is referred to as total organic carbon (TOC)
[gC kg−1].
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The statistical analysis of this first system exploration was carried out as follows. The depth
of each plot contains three replicates (n = 3). The depths of two separate plots (e.g. grassland
vs black bamboo) were compared one by one by calculating the standard error (SE) (equation
2.7). The standard error is the ratio between the standard deviation (STD) (equation 2.6) and
the square root of the number of samples. While the standard deviation gives an idea of the
measurement uncertainty, the standard error gives an idea of the uncertainty of the model used.
In this case, the model in question was the total SOC mean ỹ (n = 3).

STD =

√∑n
i=1(yi − ỹ)2

n− 1
(2.6)

SE =
STD√

n
(2.7)

Next, a confidence interval (CI) per depth was calculated using the standard error. A normal
distribution of carbon content values was assumed because it is impossible to check normality
on only three samples. It was not detrimental to the analysis as this step was only a first
exploration of the system. Equation 2.8 shows the confidence interval formula with a 95% level
of confidence. Finally, a double comparison had to be made. For the same depth, if the first
plot’s (e.g. grassland 0−10cm) mean (ỹ1) falls outside the second plot’s (e.g. black bamboo
0−10cm) confidence interval (CI2), and if the second plot’s mean (ỹ2) falls outside the first
plot’s confidence interval (CI1), then the two means are significantly different (equation 2.9).
If at least one mean falls within the confidence interval of the other, the two means are not
significantly different.

CI = [ỹ − 1.96 SE; ỹ + 1.96 SE] (2.8)

if ỹ1 /∈ CI2 and if ỹ2 /∈ CI1 −→ Sig. ̸= (2.9)

This double operation was carried out by comparing each depth of the grassland, from 0−10cm
to 90−100cm, with black bamboo, green bamboo and yellow bamboo. Intra-bamboo compar-
isons were not made at this stage as it was only a first prospecting of the system.

2.3.3 Further investigation

The first exploration of the system limited the depth of interest. Figures 3.1, 3.2 and 3.3 (see
chapter "Results & Discussion") concluded that the actual depth of interest was between 0 and
40cm. For this reason, the second part of the results will only focus on a more statistically
robust comparison of the plots between 0 and 40cm in depth.

Therefore, a second soil sampling was carried out, focusing on the 0−40cm depth. Each plot
sampled seven other locations: four with the auger and three with the root auger, with a
minimum distance of 1m. For each new sampling point, four depths were sampled: 0−10cm,
10−20cm, 20−30cm and 30−40cm. In total, 4 depths × 4 cores (auger) × 3 cores (root
auger) × 4 plots = 112 new samples were collected. Each 10cm layer was then dried at 40°C,
crushed and sieved to 2mm. The testing laboratory of La Hulpe then analysed the SOC content
[gC kg−1] by dry combustion. The samples taken with the root auger were also used to cal-
culate soil bulk density [kg m−3] and root mass [g] for each of the four depths (n = 3). Root
masses were weighed as a proxy for carbon inputs.
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These samplings made the comparison of the four depths between each plot possible, each
depth containing ten replicates (n = 10). As the SOC stocks showed non-normality distribution
(Shapiro-Wilk test, p < 0.05), a Kruskal-Wallis test was performed for each of the four depths to
test the influence of vegetation type, i.e. the qualitative variable. The continuous quantitative
variable was the SOC stock for each 10cm layer, also called SOC mass by surface unit [kgC
m−2], calculated using equation 2.10 (Meersmans et al., 2011). The null hypothesis (H0) then
states that the means of the SOC stocks of each plot are equal. The transition from content to
stock was crucial since the work aimed to quantify organic carbon storage in the soil. It was,
therefore, necessary to take into account the bulk density of the soil.

SOCmass = ρs ×
SOC

1000
× d (2.10)

Where SOCmass is the soil organic carbon stock per surface unit [kgC m−2], ρs is the average
soil bulk density [kg m−3] (n = 3 for each depth), SOC is the soil organic carbon content mea-
sured by dry combustion [gC kg−1] and d is the the soil sampling depth (= 0.1m). In order
to perform a multiple pairwise comparison between the four plots, a Dunn post−hoc test was
carried out. It compared SOC stocks between the grassland and the three bamboo species, and
studied the intra-bamboo variability as well.

Finally, an analysis of organic carbon by the chemical method of Walkley & Black was con-
ducted. This approach has a significant drawback. It does not consider the recalcitrant fraction
of organic carbon, leading to an underestimating of the overall SOC content and necessitates
using a correction factor (CF) (De Vos et al., 2007; Lettens et al., 2007; Meersmans et al.,
2009). The present study, however, benefited from this limitation by deliberately wanting to
know the recalcitrant part of the organic carbon. Organic carbon analysis was therefore carried
out on every sample taken during the prospecting of the system, analysing only from 0 to 40cm
as this was the actual depth of interest. The idea was then to see if the growth of the bamboo
since 2010 has been able to bring a protection for soil’s organic carbon.

Typically, the SOC contents obtained by dry combustion and the Walkley & Black method
are compared by performing a linear regression without intercept, i.e. passing through the
origin (Meersmans et al., 2009). However, this methodology requires a considerable number of
samples. The present approach only contained three replicates per depth and plot. The results
were quantified by calculating the correction factor (CF) of each sample, equal to the ratio
between the dry combustion SOC content and the Walkley & Black SOC content. A one-way
ANOVA (Shapiro-Wilk, p > 0.05; Levene, p > 0.05) on the CF according to the vegetation type
was performed. Then, a two-way ANOVA was carried out to test a possible effect of depth.

2.3.4 Soil respiration measurement

For each plot, three white collars were installed in the soil (Figure 2.13), leaving a volume
of 339cm3 outside the ground5. The number of three was chosen to replicate measures and to
study the intra-site variability of CO2 efflux. Within each collar, grass and leaves were removed
so that their respiration was not considered (Rodtassana et al., 2021). In this way, the total
respiration of the soil could be measured, i.e. the autotrophic respiration of the living roots
and the heterotrophic respiration of the organic matter that decomposes under the action of
microorganisms (Ngao et al., 2007).

5This information is necessary as this volume had to be manually encoded in the system (EGM-5) to be
added to the initial volume of the respiration chamber (SRC-2).
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Figure 2.13: Position of the white collar in the soil to which the respiration chamber (SRC-2)
is attached. Source: personal drawing

The first CO2 efflux measurement started two weeks after installing the white collars to allow
the system to stabilise. Soil respiration measurements were conducted over six days, leaving
at least two weeks between each measurement day. Each data collection was carried out in
the following way. A one-minute delay was considered after the chamber was placed on the
ground to establish stable gradients before the start of measurements. The EGM-5 analyser
monitored a concentration increase [ppm CO2] for seven minutes. A CO2 efflux [ppm CO2 s

−1]
was obtained by dividing the concentration increase by the measurement time. First, this step
was repeated three times on each white collar in order to study the variability within the same
emission source, i.e. the white collar. As each plot contained three white collars, nine CO2

efflux were monitored each day for each plot. On each measuring day, the order of the measured
plots changed and was randomly selected to avoid a bias in the measurements.

In addition to the CO2 efflux, soil water content and temperature were recorded beside the
white collars. A minimum of three measurements were made on each plot. Figure 2.14 illus-
trates the experimental setup on-site. The white rings of the grassland were relatively close to
each other as the plot is still used for guided tours and mowed. However, the distances between
each white collar of the three bamboo plots were more considerable (0.5−1m).

Figure 2.14: Soil respiration setup with 1: white collar; 2: ProCheck; 3: 5TM Soil Moisture
and Temperature Sensor; 4: EGM-5 Portable CO2 Gas Analyser; 5: SRC-2 Soil Respiration
Chamber
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Two units were used to express the soil respiration results: [µmol CO2 m−2 s−1], which is a
raw measure, and [mgCrespired g−1

soil hr
−1], which is a relative measure whose purpose is to take

into account the stability of soil organic carbon.

Using equation 2.11, the recorded CO2 efflux [ppm s−1] was converted to [µmol m−2 s−1]
as this is a unit widely used in the scientific literature (Longdoz et al., 2000). This equation
was provided in the datasheet of the EGM-5 analyser.

Fs [µmol m−2s−1] =
dC

dt
× P

1013
× 273.15

Tair

× 1

22.414
× V

A
× 103 (2.11)

Where Fs and dC/dt both represent the measured CO2 efflux from the soil, respectively ex-
pressed in [µmol m−2 s−1] and [ppm s−1]. P is the barometric pressure [mbar ], Tair is the
air temperature [°K], 22.414 is the Ideal Gas constant at standard pressure and temperature
[L mol−1], V is the volume of the system [m3], A is the soil area [m2] and 103 is the last
conversion factor [L m−3]. The normality of CO2 effluxes was first checked (Shapiro-Wilk test,
p > 0.05). The variances, however, were sometimes not homogeneous (Levene test, p < 0.05).
It was probably because some values came from the same white collar. As a result, either
one-way Welch’s ANOVA (Levene test, p < 0.05) or one-way ANOVA (Levene test, p > 0.05)
test was performed, each day, to test the influence of the vegetation type, i.e. the qualitative
variable. The null hypothesis (H0) then stated that the means of the CO2 effluxes of each
plot are equal. In order to perform a detailed multiple pairwise comparison between the four
plots, a Games-Howell post−hoc test was carried out. It compared CO2 effluxes between the
grassland and the three bamboo species, and studied the intra-bamboo variability as well.

Apart from this first conversion, the raw CO2 efflux [ppm s−1] was also converted to
[mgCrespired g−1

soil hr
−1]. This unit provided a relative measure of the soil organic carbon stock.

Since the latter is respired and goes from the soil to the atmosphere, it was of paramount
importance to measure the carbon’s stability with respect to its respiratory character. Equa-
tion 2.12 was taken from the datasheet for converting [ppm s−1] to [g CO2 m−2 hr−1] and
was then modified according to the literature to obtain the flux relative to the SOC stock
[mgCrespired g−1

soil hr
−1] (equation 2.13).

Fs [gCO2 m−2hr−1] =
dC

dt
× P

1013
× 273.15

Tair

× 44.009

22.414
× V

A
× 103

106
× 3600 (2.12)

Fs [mgC g−1hr−1] = equation 2.12× A× 12

44
× 103 × (SOCmass × A)−1 (2.13)

Where dC/dt represents the measured CO2 efflux from the soil [ppm s−1], 44.009 is the molar
mass of CO2 [g mol−1], 103 (2.12) is a conversion factor [L m−3], 106 (2.12) is another conver-
sion factor [µmol mol−1], 3600 changes from seconds to hours [s hr−1], 12/44 is the ratio of
the atomic mass of C to that of CO2, 103 (2.13) changes from g to mg, SOCmass is the SOC
stock recalculated to the depth of the white collar in the ground [g m−2]. An ANOVA test on
relative effluxes was then performed in the same way.

Finally, two Analysis of Covariance (ANCOVA) tests on the relative effluxes were performed.
The ANCOVA was used to compare the means of relative CO2 effluxes between several plots,
also taking into account the link between the efflux and a covariate, i.e. soil temperature or
water content.
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2.3.5 Methodology diagram

Figure 2.15 summarises the main analyses carried out in this work.

Figure 2.15: Summary of the main steps and analyses

2.3.6 Software

Statistical analyses were performed using Rstudio 2022.07.1 software, while graphs were con-
structed on Matlab R2018a.
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Chapter 3

Results & Discussion

3.1 First exploration of the system

Figure 3.1: Comparison of the vertical distributions of SOC [gC kg−1] (mean ±
standard deviation, n = 3) between the grassland and the black bamboo. The contents were
obtained by dry combustion. Code (assuming a normal distribution): No symbol p > 0.1,
• p < 0.1 (90% conf. level), ∗ p < 0.05 (95% conf. level), ∗∗ p < 0.01 (99% conf. level),
∗ ∗ ∗ p < 0.001

Figure 3.1 shows the evolution of the vertical distribution of organic carbon [gC kg−1] between
the surface and 1-metre depth. The values in the graph can be visually correlated to the indi-
vidual soil profiles at the same level. As an overall trend, organic carbon decreases non-linearly
to 50−60cm depth before increasing again to 80−90cm depth. This trend can be observed in
both the grassland and the black bamboo.

The surface horizon A, which is generally a mixture of organic matter and minerals, is hardly
observable in the grassland’s soil profiles. It contrasts sharply with a forest podzol where the
A horizon is very black with small white spots.
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The decline over the first grassland horizons is in line with theory. Some models have already
demonstrated the non-linearity of carbon decrease with depth (Meersmans et al., 2008). The
drainage class influences the slope of this curve, as does the soil texture. Furthermore, sandy
soils have large pore sizes and therefore have high permeability. On the other hand, clay soils
have much smaller pore sizes and, therefore, generally have low permeability. Thus, vertical
transfers of dissolved organic carbon by infiltration and leaching might occur more efficiently
in sandy soil. The organic matter-rich spodic horizon is easily observable in the photos of the
grassland profiles, whereas it is less so in those of the black bamboo. The reason is that the
photos of the black bamboo were taken in the shade. However, this spodic horizon, typical
of Podzols, is more easily detected by looking at the individual distributions of each profile
(Appendix B). The SOC contents in Figure 3.1 include standard deviations, which also com-
plicates this diagnostic horizon’s observation.

The vertical distribution of carbon resembles a decreasing exponential in the grassland, thus
reflecting the site’s history, which has always been occupied by grassland. It would have been
alarming finding a constant carbon content over the first 30 cm of the profile, as this would
have indicated a conventional agricultural past (Meersmans et al., 2008). This non-linear de-
crease over the first 30 to 40 centimetres coincides with the satellite images since 1979 (Geopunt
Vlaanderen, 2022).

Figure 3.1 shows a significant difference (p < significance level) between the SOC values of
grassland and black bamboo at 0−10cm and 60−100cm depth. The standard deviations (SD)
indicate measurement uncertainty, while the p − value, considering the standard error (SE)
and the confidence interval (CI), indicates an error in the calculated mean. Though the two
standard deviations overlap at 70−80cm depth, a significant difference (p < 0.05) is still present.

Figure 3.2 shows that almost all SOC differences between grassland and green bamboo are
significant beyond 20cm depth. However, this is because the soil profiles of green bamboo are
remarkably different. The first and third soil columns do not appear to represent a podzol, but
rather a podzolic cambisol as no illuvial yellowish horizon Bs is detectable. It means there is
either less acidity or less infiltration, and podzol formation is slowed down.

Figure 3.3 shows that almost all SOC differences between grassland and green yellow bam-
boo are significant between the surface and 70cm.

Another interesting point is that the deep organic carbon re-increase is always lower in-depth
than on the surface. It would tend to confirm the hypothesis that the paleosoil dates from
the Pleistocene, and the old carbon it contains has been degraded over time. Moreover, the
supposed paleosoil position is closer to the surface in the yellow bamboo than in the rest of the
plots. It would again tend to confirm the paleosoil hypothesis, as the paleosoil rose towards the
surface in a northerly direction, and the yellow bamboo is the northernmost plot.

Nevertheless, another intriguing aspect persists. The bamboo profiles have very dark hori-
zons. The black colour indicates a potent, complex and often poorly accessible presence of
organic matter (OM). It could theoretically come from an ancient charcoal production area,
where the usable carbon would have degraded. In order to verify this new hypothesis, a sample
was analysed using a magnifying glass with Mr Colinet. The coal has a theoretical shiny surface
and appearance, which was not observed here.
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Figure 3.2: Comparison of the vertical distributions of SOC [gC kg−1] (mean ±
standard deviation, n = 3) between the grassland and the green bamboo. The contents were
obtained by dry combustion. Code (assuming a normal distribution): No symbol p > 0.1,
• p < 0.1 (90% conf. level), ∗ p < 0.05 (95% conf. level), ∗∗ p < 0.01 (99% conf. level),
∗ ∗ ∗ p < 0.001

Figure 3.3: Comparison of the vertical distributions of SOC [gC kg−1] (mean ±
standard deviation, n = 3 ) between the grassland and the yellow bamboo. The contents
were obtained by dry combustion. Code (assuming a normal distribution): No symbol p > 0.1,
• p < 0.1 (90% conf. level), ∗ p < 0.05 (95% conf. level), ∗∗ p < 0.01 (99% conf. level),
∗ ∗ ∗ p < 0.001
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The system prospecting also revealed information of paramount importance: the presence of
bamboo roots reaching down up to a depth of 40cm. The grassland had only tiny, partially
decomposed roots at that depth. In the system under consideration, the root-derived carbon
thus mainly concerns the 0−40cm soil layer. It is essential information as root-derived carbon
mainly supplies the stable soil carbon pools (Kätterer et al., 2011).

In order to better understand the dynamics of the system, Fe and Al analyses could be carried
out within the Bh horizons and the C/metal ratio calculated. The organic matter dynamics
is slow when the parent material is poor in nutrients, acidic or under waterlogging conditions.
A greater accumulation of dissolved organic matter and dissolved root-derived organic carbon
can be observed in the Bh horizon. Conversely, in soils where the parent material is rich in
nutrients, dissolved organic carbon is more rapidly decomposed by microorganisms. The Bh

horizon will contain less dissolved organic carbon and more iron and aluminium (Buurman and
Jongmans, 2002; Buurman and Jongmans, 2005). Concerning the supposed paleosoil, carbon
dating could be carried out to determine its age. However, all the analyses mentioned are
outside the current work context.

Important note

The different soil profiles differ below a depth of 40cm, especially in the position of the horizons.
The origin of the organic matter below this limit remains a hypothesis. Furthermore, the roots
of all three bamboo species stop at 40cm, at which some root residues were also found in the
grassland. Finally, it also seems that the concentrations measured at a depth of 0−40cm have a
substantial standard deviation due to the low number of replicates per layer. For these reasons,
the following analyses will only focus on the 0−40cm part of the system, and the lower layers
are left out entirely.

3.2 Further investigation and biomass analysis

To start this thorough analysis, the SOC stock of the grassland is compared with the literature.
The objective is to see how typical the grassland is of Zc (moderately drained sandy soil) in
terms of SOC stock. Meersmans et al., 2008, calculated the evolution of SOC distribution with
depth between 1960 and 2006 in northern Belgium. The interest here lies not in the change
between these two dates but rather in the SOC stock in 2006, measured after a sampling
campaign. Since their stock was quantified based on a 30cm depth, the SOC stock of the
Merskplas grassland was recalculated based on the same thickness.

Table 3.1: Comparison between the Merksplas grassland and a typical Zc−d one. The 0−30cm
thickness is considered. Both values are presented with their corresponding standard error (SE)

Merksplas, 2022 Meersmans et al., 2008

SOCmass SOCmass

[kgC m−2] [kgC m−2]

6.09 ± 0.09 6.37 ± 0.78
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Table 3.1 shows that the SOC stock of the Merksplas grassland is very similar to a reference
grassland in Northern Belgium, as the two values overlap. However, this result must be inter-
preted with great caution as the two methodologies differ strongly. Firstly, Meersmans et al.,
2008 used a pedo transfer function to calculate the bulk density. In addition, his organic carbon
contents were obtained by the chemical titration method of Walkley & Black, and a correction
factor of 1.33 was used. In the present work, we will not say that the Merksplas grassland
is typical, but rather that the calculated stock is consistent with the literature. A detailed
comparison with bamboo is therefore accurate.

Figure 3.4: Boxplots and Dunn post-hoc test (Shapiro-Wilk, p < 0.05) showing the differences
of SOC stock [kgC m−2] between grassland, black bamboo, green bamboo and yellow bamboo.
Different letters indicate significant differences (p < 0.05). The vertical axis scales are different.
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Table 3.2: Kruskal-Wallis test (Shapiro-Wilk, p < 0.05) results on SOC stocks

Depth df χ2 p-value

0−10cm 3 8.30 0.112

10−20cm 3 9.36 0.095

20−30cm 3 9.73 0.090

30−40cm 3 30.9 0.003

After calculating the size effect (χ2) (Tomczak and Tomczak, 2014), Table 3.2 shows that the
type of plot (e.g. grassland or one bamboo species) has a weak effect (χ2 < 14)1 on the SOC
stock at 0−10cm, 10−20cm and 20−30cm. The respective p-values are all > 0.05, and the
null hypothesis (H0) can consequently not be rejected, which signifies that the means of the
SOC stocks of grassland, black, green and yellow bamboo are similar. This is also confirmed by
Figure 3.4, which, using the multiple pairwise comparison test, shows no significant difference
between the SOC stocks for 0−10cm, 10−20cm and 20−30cm.

However, the results on the 30−40cm depth contrast with the previous ones. The last row
of Table 3.2 indicates that vegetation type has a relatively strong effect on SOC stock for a
depth of 30−40cm. The p-value (< 0.05) allows to reject the null hypothesis H0; therefore, the
means are different. The multiple pairwise comparison test (Figure 3.4) indicates a significant
difference (p < 0.05) between grassland and green bamboo, and between grassland and yellow
bamboo, thus resulting in a SOC storage by the two bamboo species.

Though Figures 3.1, 3.2 and 3.3 showed some significant differences in SOC content [gC kg−1],
these differences cancel out over the first 30cm when calculating the SOC stock [kgC m−2].
This is due to the consideration of the soil’s bulk density ρs in each 10cm thickness. Table
3.3 shows firstly that bulk density increases with depth for each plot. This first trend is not
surprising. Tsui et al., 2013, found that bulk density decreases significantly and linearly with
SOC content [gC kg−1], and increases with depth. Considering the 0−40cm depth, our first
system prospecting validates this information.

Table 3.3: Measured bulk densities (mean ± standard deviation, n = 3). Within each depth,
different letters indicate significant differences (p < 0.05) assuming a normal distribution

Grassland Black bamboo Green bamboo Yellow bamboo

Depth ρs ρs ρs ρs

[cm] [kg m−3] [kg m−3] [kg m−3] [kg m−3]

0−10 1131.34 ± 180.49 a 777.87 ± 124.93 b 737.07 ± 42.30 b 323.06 ± 57.29 c

10−20 1997.89 ± 112.55 a 1389.44 ± 152.47 b 1249.39 ± 130.68 b 994.67 ± 113.87 c

20−30 1898.94 ± 11.77 a 1610.70 ± 112.49 b 1759.31 ± 275.20 ab 1005.93 ± 356.34 c

30−40 1835.30 ± 72.86 a 1906.79 ± 46.67 ab 1961.33 ± 68.14 bc 1656.27 ± 46.48 d

1There is no formal way to determine a threshold value for the size effect. This value is mainly given as an
indication from a rule of thumb.
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For a Belgian sandy grassland, Mestdagh et al., 2006, measured a value of 1.26 ± 0.33 g cm−3

between 0 and 10cm depth and 1.42 ± 0.11 g cm−3 between 10 and 30cm depth by taking
8 samples for each of the two depths. Therefore, the bulk density values measured on the
Merksplas grassland from 20cm depth would appear relatively high. Several hypotheses could
explain this observation. Firstly, there is evidence that bulk density increases with compaction
(Håkansson and Lipiec, 2000). However, there is no history of conventional agriculture on the
site. Perhaps site activity, guided tours or other events could have raised this value, but this
remains a hypothesis. Another possibility could be related to the low number of measurements
(n = 3), although the standard deviations for the grassland are relatively restrained.

Furthermore, Table 3.3 also shows that over a depth of 0−20cm, the bulk density of all bamboo
species is significantly lower than that of grassland. The yellow bamboo has a significantly lower
bulk density than the other vegetation types. In particular, its bulk density in the first 10cm
is minimal. It is consistent with the site prospecting, which also revealed that this horizon was
black and filled with tiny balls of very light organic material, rich in organic carbon, as shown
in Figure 3.3. Don et al., 2011, found that after a minimum period of 7 years, a grassland
transformed into a secondary forest lost on average 6.4 ± 3.8% of its bulk density in the first
30cm. However, the effect of bamboo planting was not tested by the author.

In contrast to the SOC contents [gC kg−1], bulk density values have strongly influenced the
calculated SOC stocks [kgC m−2]. The standard deviations of the measured bulk densities
are sometimes considerable, as shown by the yellow bamboo at 20−30cm depth. It, therefore,
seems advisable to increase the number of replicates for bulk densities. For example, a series of
ten soil replicates could be taken with the root auger. The SOC content and bulk density would
then be measured for each sample. This approach, however, has little place in the botanical
garden, given the limited size of the plots and their use for guided tours. Finally, it should be
noted that the soil studied is very sandy and that, during sampling with the root auger, it was
not uncommon for part of the sample to disintegrate and fall out of the sampled volume.

Biomass analysis

Table 3.4: Biomass measurements for the three bamboo species. DBH : different letters indicate
significant differences (p < 0.05) according to Student’s t-test (n = 40). Leaves : different letters
indicate significant differences (p < 0.05) assuming a normal distribution (n = 3). Except for
soil occupancy, the results represent the mean ± standard deviation

Plot DBH Soil occupancy Leaves

[mm] [%] [g]

Black bamboo 15.72 ± 5.77 a 0.42 271.47 ± 134.22 a

Green bamboo 16.38 ± 5.41 a 0.35 143.47 ± 10.47 a

Yellow bamboo 36.92 ± 10.58 b 1.07 137.93 ± 11.90 a

Table 3.4 shows that yellow bamboo has a significantly higher diameter measured at breast
height (DBH) than the other two species. It is related to the yellow bamboo’s soil occupancy
percentage, which indicates that the yellow bamboo culms cover 1.07% of the ground surface.
Yellow bamboo has a lower planting density, but its culms are much wider and occupy a more
significant percentage of the soil surface.
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Moreover, Table 3.4 also shows no significant differences between the masses of the leaves
gathered from the ground.

Figure 3.5: Root dry masses [g] (mean + standard deviation, n = 3) measured at four depths
between grassland, black bamboo, green bamboo and yellow bamboo. Different letters indicate
significant differences (p < 0.05) (95% conf. level) assuming a normal distribution. The bar
and standard deviation of the grassland at 30−40cm depth are too small to appear on the graph

Finally, Figure 3.5 shows the root masses [g] collected at different depths within a volume2

of 502.65cm3. First, the graph shows that bamboo has a significantly greater root mass than
grassland, regardless of depth effect. It indicates that for the 0−30cm depth layer, no general
trend is observable between the three bamboo species. One bamboo species has more roots on
one layer, and another species has more roots on another layer. The large standard deviations
can sometimes be explained by the presence of a large, relatively heavy rhizome. However,
what is remarkable is that yellow bamboo is the only species with a stout rhizome at a depth
of 30−40cm. It is probably due to its higher soil occupancy rate, allowing it to develop its root
system very profoundly. It could also explain why yellow bamboo has a significantly higher SOC
stock than grassland and green bamboo at 30-40cm depth. On the other hand, the biomass
measurements carried out for green bamboo do not justify with precision its higher SOC stock
at 30−40cm depth.

2The actual volume of the root auger is greater. A black line was drawn to take only a 10-centimetre high
soil layer, and the volume was therefore recalculated.

30



Walkley & Black

Table 3.5: One-way (regardless of the depth effect) and two-way ANOVA test (Shapiro-Wilk,
p > 0.05; Levene, p > 0.05) results on correction factor (CF).

One-way Two-way

df F p− value F p− value

3 1.53 0.219 Vegetation−Depth 1.08 0.403

Figure 3.6: Boxplots and Tukey post-hoc test (Shapiro-Wilk, p > 0.05; Levene, p > 0.05)
showing the differences of correction factors (CF) between grassland, black bamboo, green
bamboo and yellow bamboo, regardless of the depth effect. Different letters indicate significant
differences (p < 0.05)

The correction factor is the compensation for the incomplete oxidation of the Walkley & Black
method (De Vos et al., 2007). When not separating the data by the depth and looking only
at vegetation type, the one-way ANOVA (Table 3.5 - left) shows no significant differences in
correction factors between the vegetation type (p = 0.219). The null hypothesis H0 cannot be
rejected and the CF means are similar. This result is confirmed by the post-hoc test shown in
Figure 3.6. Moreover, the two-way ANOVA (Table 3.5 - right) shows no statistically significant
interaction between vegetation type and depth for the correction factor (p = 0.403).

A significantly higher correction factor would have indicated a higher proportion of humic
acids, charcoal or lignin-derived organic carbon (Lettens et al., 2007; Meersmans et al., 2009).
This effect was not detected when analysing depths from 0 to 40cm. Figure 3.6 also shows a
broader spread of green and yellow bamboo correction factors. The reason could be that both
vegetations had high SOC contents [gC kg−1]. In this case, the Walkley & Black method is very
sensitive and requires using a smaller soil mass (FAO, 2019). The correction factor calculated
this way varies very quickly with the volume titrated. In addition, the colour change of the
titration is sometimes difficult to detect accurately, which adds a user-related error.
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A correction factor of 1.32 was introduced in the original Walkley & Black method (De Vos
et al., 2007; Lettens et al., 2007). Since then, this value has been questioned, and the influence
of soil use, texture and drainage has been demonstrated. For example, Meersmans et al., 2009
obtained a correction factor between 1.35 and 1.50 for a Zc− d grassland in northern Belgium.
The Figure 3.6 shows that the interquartile range of the grassland, i.e. 50% of its measured
data, is in the same range as in the article. It again justifies that the Merskplas grassland is
consistent with the literature and that the comparisons made are accurate.

3.3 Soil respiration analysis

As soil respiration depends on many environmental parameters (Faimon and Lang, 2018), the
metadata for the measurements of each day are summarised in Appendix B. The metadata rep-
resent all the information related to the experiment and the environment in which it took place.
It also ensures that the results are appropriately analysed for possible experiment replication.
In this work, the metadata contain the parameters that could influence the CO2 effluxes, i.e.
start and end time of measurement, air temperature, relative humidity and precipitation.

Table 3.6: ANOVA (Shapiro-Wilk, p > 0.05; Levene, p > 0.05) and Welch’s ANOVA (Shapiro-
Wilk, p > 0.05; Levene, p < 0.05) test results on raw CO2 efflux [µmol m−2 s−1]

Date Test df F p-value

April 6 Welch’s Anova 3 74.57 7.252 10−10

April 22 Welch’s ANOVA 3 85.11 1.65 10−10

May 3 Welch’s ANOVA 3 51.73 1.559 10−8

May 21 Welch’s ANOVA 3 191.68 1.026 10−11

June 5 ANOVA 3 5.75 2.920 10−3

June 22 Welch’s ANOVA 3 484.21 6.505 10−5

Table 3.7: ANOVA (Shapiro-Wilk, p > 0.05; Levene, p > 0.05), Welch’s ANOVA (Shapiro-
Wilk, p > 0.05; Levene, p < 0.05) and Kruskal-Wallis (Shapiro-Wilk, p < 0.05) test results on
relative CO2 efflux [mgC g−1 hr−1]

Date Test df F χ2 p-value

April 6 Welch’s Anova 3 68.01 / 9.423 10−10

April 22 Kruskal-Wallis 3 / 79.20 3.090 10−6

May 3 Welch’s ANOVA 3 42.32 / 5.630 10−8

May 21 ANOVA 3 165.70 / 2.00 10−11

June 5 ANOVA 3 43.93 / 7.870 10−4

June 22 ANOVA 3 502.60 / 2.00 10−16
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Figure 3.7: Boxplots, Games-Howell (Shapiro-Wilk, p > 0.05; Levene, p < 0.05) and Tukey
post-hoc tests (Shapiro-Wilk, p > 0.05; Levene, p > 0.05) showing the differences of CO2 efflux
[µmol m−2 s−1] between grassland, black bamboo, green bamboo and yellow bamboo. Different
letters indicate significant differences (p < 0.05). The vertical axis scales are different.
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Figure 3.8: Boxplots, Dunn (Shapiro-Wilk, p < 0.05), Games-Howell (Shapiro-Wilk, p > 0.05;
Levene, p < 0.05) and Tukey post-hoc tests (Shapiro-Wilk, p > 0.05; Levene, p > 0.05) showing
the differences of relative CO2 efflux [mgC g−1 hr−1] between grassland, black bamboo, green
bamboo and yellow bamboo. Different letters indicate significant differences (p < 0.05). The
vertical axis scales are different.
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Statistical tests show that, for each date, the vegetation type significantly (p < 0.05) influences
the raw CO2 efflux [µmol m−2 s−1] (Table 3.6) and the relative efflux [mgC g−1 hr−1] (Table
3.7). The null hypothesis H0 is therefore rejected, and the average CO2 effluxes between vege-
tation types differ.

Firstly, Figure 3.7 shows that the order of magnitude of the raw CO2 efflux measured on
the grassland is the same as that obtained by Jérôme et al., 2014, who also studied a Belgian
grassland (Dorinne). Though the author has used another measurement method (eddy covari-
ance), it confirms that the unit transformation used is correct and supports the possibility of
comparing the measured CO2 effluxes between the different vegetation types.

The multiple comparison tests presented in Figure 3.7 do not show a clear trend. The one-to-
one comparison of the vegetation types shows a lot of variability with significant differences.
It is probably due to the low measurements representativeness on a longer time scale. Indeed,
the CO2 effluxes monitored in this work only cover a small time scale. This type of study is
usually carried out using chamber systems or eddy covariance over several months (Bahn et al.,
2008; Jérôme et al., 2012). The measurements are continuous over time, allowing a balance to
be calculated over the measurement period covered.

Before analysing the relative CO2 efflux [mgC g−1 hr−1], it is essential to remember that
these values were quantified by recalculating a stock based on the approximate insertion depth
of the white collar. The new bulk density is not based on a depth of 10cm. It is based on a new
average bulk density value, measured with a Kopecky’s ring at 4cm depth. This corresponds
quite well to the insertion depth of the white collar in the soil. It is then considered that the
measured soil respiration only comes from the soil inside the white collar.

The CO2 efflux expressed in [mgC g−1 hr−1] is a relative measure whose purpose is to consider
the stability of organic carbon (Nuzzo et al., 2017). It, therefore, removes the effects of differ-
ent SOC levels and represents the share of organic carbon respired by mineralisation. (Tian
et al., 2016). This standardisation is not often used in the literature, where only a few studies
take this factor into consideration. Indeed, it requires, in addition to monitoring the CO2 ef-
flux, sufficient measurements of soil SOC content. Nevertheless, some scientists have calculated
relative CO2 effluxes and obtained the same order of magnitude (Fissore et al., 2008; Nuzzo
et al., 2017). This conclusion must be made with care because the soils studied differed from
the Merksplas ones. However, it is reassuring that the equations used to standardise the CO2

effluxes give similar results to the literature.

Figure 3.8 shows the multiple pairwise comparison test results. Several interesting points stand
out. Firstly, five out of six measurements indicate that the relative CO2 efflux of yellow bamboo
is significantly lower (p < 0.05) than grassland’s. The same result is observed between yellow
and green bamboo. Secondly, for all measures, the relative CO2 efflux is always significantly
lower than that of black bamboo. Finally, no clear trend emerged from the green and black
bamboo comparison. In other words, according to the six measurements, the SOC of yellow
bamboo seems to be more stable than that of the grassland and the other two bamboo species.

By changing the relative abundance of labile and recalcitrant chemicals returned to the soil, lit-
ter amount and quality can impact SOC stability (Fissore et al., 2008). Due to either improved
chemical stabilisation or physical protection in more difficult-to-access micro-aggregates, lignin
or phenolic components inhibit soil CO2 efflux and make it harder for soil microorganisms to
mineralize SOC (Nuzzo et al., 2017).

35



The Walkley & Black chemical titration could have detected a variation in the complexity
of the mineralised organic molecules. Though the yellow bamboo boxplot covers a higher range
of correction factors (CF), no significant difference was found. It can, however, be attributed
to the small number of samples from each group used in the chemical analysis.

Finally, these variations in relative CO2 effluxes are studied considering the two environmental
parameters measured. Table 3.8 presents the results of the two ANCOVA tests. The ANCOVA
tests whether the independant variable, i.e. the vegetation type, still influences the response
variable, i.e. the CO2 efflux, after removing the influence of the covariate. The first covariate
is the soil temperature (Tsoil), and the second one is the gravimetric water (GWC ). The results
below should be interpreted with care as the normality and equality of variance assumptions
were not always met. However, there is no simple non-parametric alternative to ANCOVA.
The results below are offered for discussion.

Table 3.8: ANCOVA test results on relative CO2 efflux [mgC g−1 hr−1]

F p-value F p-value

Vegetation type 14.04 3.363 10−7 Vegetation type 3.19 0.029

Tsoil 90.52 4.630 10−14 GWC 1.18 0.280

The soil temperature covariate is significantly related to the CO2 efflux (F = 90.52; p < 0.05).
The vegetation type also significantly impacts the CO2 efflux after controlling for the soil tem-
perature effect (F = 14.04; p < 0.05).

The gravimetric water content covariate does not significantly impact the CO2 efflux (F =
1.18; p > 0.05). However, after controlling for its effect, the vegetation type still significantly
impacts the CO2 efflux (F = 3.19; p < 0.05).

In other words, by removing the effect of temperature, i.e. the first covariate, the vegetation
type still has a significant impact on CO2 efflux. The same conclusion is drawn by eliminating
the effect of gravimetric water content. The multiple pairwise comparison post-hoc test gives
the following results.

Table 3.9: ANCOVA post-hoc test results on relative CO2 efflux [mgC g−1 hr−1]

Covariate Tsoil GWC

Comparison p-value p-value

Grassland − Black bamboo < 0.001 0.9161

Grassland − Green bamboo < 0.001 0.766

Grassland − Yellow bamboo 0.765 0.265

Green bamboo − Black bamboo 0.978 0.986

Green bamboo − Yellow bamboo < 0.001 0.0317

Yellow bamboo − Black bamboo < 0.001 0.071
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Table 3.9 should be interpreted as follows. Black bamboo and green bamboo lead to a statisti-
cally significantly different (p < 0.001) CO2 efflux compared to grassland, even after controlling
for the soil temperature. However, this conclusion does not work for gravimetric water content
(p = 0.9161 and 0.766). When p is > 0.05, this means that by removing the effect of the
covariate, the vegetation type no longer significantly impacts the CO2 efflux.

Finally, it is appropriate to say that the vegetation type influences the CO2 efflux measure-
ments, even after controlling for temperature and gravimetric water content. Regardless of
the effect of the covariate, a significant difference in CO2 efflux is thus observed between the
vegetation types. It is a general conclusion on the whole dataset. An explanation for the CO2

efflux variations between two vegetation types could be the quality of the SOC. The SOC de-
rives from the bamboo’s many highly developed roots and leaves, which is not the case for the
grassland. This effect, however, is not quantified by the ANCOVA. The post-hoc test shows
that these two covariables might sometimes directly be responsible for CO2 efflux variations
(p > 0.05). This trend is logical in practice, as bamboo has a well-developed canopy, creating
shade and preventing the soil from heating up.

Efflux variability

Figure 3.9: CO2 efflux variability (mean + standard deviation, n = 3 for each collar). The
graphs only represent the 21st May
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For a possible replication of the experiment, it is interesting to know the variability of the CO2

efflux measurements. Figure 3.9 represents the variability measured on each white collar on
21 May 2022. Since the standard deviation is minimal for each white collar, the variability
within each white collar is very low. The same trend was observed every measurement day
when processing the data. Therefore, performing several repetitions on the same white collar
is unnecessary.

3.3.1 SOC stock variation

One of the objectives of the work was to assess whether there was a significant difference in
SOC stock [kgC m−2] when moving from a grassland to a bamboo plantation. After analysing
the differences in the previous sections, it is interesting to keep in mind an order of magnitude.
Table 3.10 shows the SOC stock variations only for the significant depths.

Table 3.10: SOC stock variation between a grassland and three bamboo plantations. The
indicated value is the difference between two means (n = 10). n.s. = not significant

Depth Depth Depth Depth

0−10cm 10−20cm 20−30cm 30−40cm

Grassland −→ Black bamboo n.s. n.s. n.s. n.s.

Grassland −→ Green bamboo n.s. n.s. n.s. + 0.69 [kgC m−2]

Grassland −→ Yellow bamboo n.s. n.s. n.s. + 0.51 [kgC m−2]

To finish this analysis, it may be interesting to have a measured SOC stock value on each
vegetation type. Though some depths did not show a significant difference, the stock calculated
over 40 centimetres can be used as a comparison for other researchers. Table 3.11 shows the
average stock calculated by adding the stock of each layer.

Table 3.11: SOC stock for each vegetation type. The value is based on a depth of 0−40cm

SOCmass [kgC m−2]

Grassland 7.66

Black bamboo 8.28

Green bamboo 8.87

Yellow bamboo 10.33

For comparison, Chen et al., 2009, found3 a stock of 9.02 [kgC m−2] for a Chinese bamboo
forest. The comparison should be interpreted with care. First, the Chinese climate and forest
context differ from the Belgian botanical garden. Secondly, the author’s analyses were carried
out by chemical methods. It is still interesting to note that the order of magnitude is similar.
Finally, the author states that most of the SOC was stored in the first 40cm, which supports
the sampling method used in this work and brings this analysis to a close.

3This value was calculated based on the SOC contents [gC kg−1] and bulk densities measured by the author.
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Chapter 4

Conclusion & Prospects

4.1 Conclusion

Many parameters were investigated in this master’s thesis in order to compare different organic
carbon dynamics after a grassland has been converted into a plantation of several bamboo
species. An initial prospecting of the system limited the depth of interest to between 0 and
40cm.

Though the average SOC contents were globally higher in each of the bamboo plantations than
in the grassland, only two bamboo species showed a significantly higher SOC stock between 30
and 40cm depth. It is due to the consideration of soil bulk densities which were lower in bamboo
than in grassland. For yellow bamboo, this increase in stock could be due to a larger average
culm diameter, resulting in a higher soil occupancy rate and a significantly more developed root
system at depth. The biomass analysis of green bamboo failed to support this increase in stock.

The whole dataset showed that after removing the effect of temperature or gravimetric wa-
ter content, the vegetation type still significantly influenced the relative CO2 efflux. It may
be due to a difference in the chemical composition of SOC between grassland and bamboo.
The correction factor analysis did not reveal this difference, probably due to the low number
of replicates or laboratory error. Finally, overall, the CO2 effluxes of yellow bamboo were sig-
nificantly lower than those of grassland and the other two bamboo species, resulting in better
SOC stability.
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4.2 Prospects

In view of the work done, some recommendations come to mind. Firstly, increasing the number
of bulk density measurements seems sensible, mainly as this strongly influences the SOC stock.
If the same type of experiment were to be carried out in a forest, it would seem appropriate to
take each soil sample with a root auger, provided that the logistics allow for this.

Secondly, increasing the number of CO2 measurements in winter would be interesting. The
measures made cover only one cold winter day and five warmer days. This idea would give a
better temporal representation of the system studied. Chamber measurements could be con-
sidered in order to have continuous efflux measurements over time, both day and night.

Given the low variability of the CO2 efflux within the same white collar, it is recommended to
perform only one measurement per white collar and to increase the number of white collars. It
would also increase the independence of the different measured values.

A better knowledge of the dynamics of the organic matter entering the system could be ob-
tained by carrying out, for example, a thorough study on the degradation of the bamboo litter,
or by installing nets to harvest the leaves. However, these experiments are time-consuming and
require the organisation of another project dedicated to this topic.

Finally, the results obtained in this work open the door to other experiments that could, for
example, be carried out in forests, where bamboo culms are generally more developed. An
increase in SOC stock was detected in green and yellow bamboo. If more extended experiments
are carried out, it could introduce a possible carbon reward based on storing organic carbon in
the soil. The present study is, therefore, complementary to the various experiments aimed at
quantifying the sequestration of atmospheric carbon in the aerial parts of the bamboo.
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Contribution

Jeroen Meersmans and I took all soil samples. I then dried, sieved and crushed them. The
agricultural soil testing laboratory of La Hulpe conducted the organic carbon analyses by dry
combustion. I measured organic carbon content by chemical titration (Walkley & Black),
performed statistical analyses, and measured bulk density and root masses. Finally, all soil res-
piration measurements were carried out by me, accompanied by Jeroen Meersmans or my father.

An information sheet per plot was also produced and displayed on site to inform the pub-
lic. I created them, and Jeroen Meersmans proofread them. After this master thesis, a poster
will be exhibited in the botanical garden.
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Appendix A

A.1 Vertical distribution of SOC in the grassland

Figure A.1: Vertical distribution of SOC [gC/kg] for each of the first three auger samplings
(prospecting) in the grassland. The contents were obtained by dry combustion. The values
in the graph can be visually correlated to the soil profile at the same level. Each black dot
represents a measured value.
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A.2 Vertical distribution of SOC in the black bamboo

Figure A.2: Vertical distribution of SOC [gC/kg] for each of the first three auger samplings
(prospecting) in the black bamboo (Phyllostachys nigra). The contents were obtained by dry
combustion. The values in the graph can be visually correlated to the soil profile at the same
level. Each black dot represents a measured value.
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A.3 Vertical distribution of SOC in the green bamboo

Figure A.3: Vertical distribution of SOC [gC/kg] for each of the first three auger samplings
(prospecting) in the green bamboo (Phyllostachys aurea). The contents were obtained by dry
combustion. The values in the graph can be visually correlated to the soil profile at the same
level. Each black dot represents a measured value. The horizontal axis scales are different.
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A.4 Vertical distribution of SOC in the yellow bamboo

Figure A.4: Vertical distribution of SOC [gC/kg] for each of the first three auger samplings
(prospecting) in the yellow bamboo (Phyllostachys aureosulcata). The contents were obtained
by dry combustion. The values in the graph can be visually correlated to the soil profile at
the same level. Each black dot represents a measured value. The horizontal axis scales are
different.
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Appendix B

B.1 Soil respiration measurement metadata

Table B.1: Environmental parameters from CO2 efflux measurements. The climatic data are
taken from the weather station in Retie, the closest to Merksplas.

Date Start End Air Temperature Air humidity Rain

[°C] [%] [mm]

April 6 9:30 am 3:00 pm 10 75−83 0−2

April 22 1:00 pm 4:00 pm 15 57 0

May 3 9:30 am 3:00 pm 14−17 46−53 0

May 21 10:30 am 3:00 pm 19 52−61 0

June 5 11:00 am 3:00 pm 17 92−98 15

June 22 9:00 am 3:00 pm 20−25 59−39 0
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