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Unraveling the periodicity of secondary growth in the Congo Basin

Abstract

The Congo Basin forests, as a critical global carbon sink, face increasing threats from climate
change, with temperature projections indicating a significant rise above pre-industrial levels by
2027, alongside increased variation in rainfall. Despite their significance, limited studies have
focused on understanding the mechanisms of tree growth and the species-specific responses to
changing climate conditions.

This thesis investigates the dynamics of secondary growth in two semi-deciduous tropical
forests of the Congo Basin: the Luki and Yangambi biosphere reserves. Through three
interlinked studies presented as Chapters 2, 3, and 4, the research aims to elucidate the
mechanisms underlying secondary growth in this ecologically vital and unique region. To
achieve this goal, the study addresses several interrelated research questions: Is there a dormant
period in the seasonal tree-growth cycle? If so, what are the timing and duration of dormancy
and the growing season? How do climatic factors influence the growth cycle? What anatomical
marks does the growth cycle leave on the wood? These questions, spanning multiple chapters,
provide a comprehensive understanding of secondary growth dynamics in the Congo Basin.

This thesis comprises five chapters. It begins with an introductory chapter (Chapter 1), which
provides a general overview of the Congo Basin and tree growth, with a particular focus on the
uncertainties surrounding the seasonality of secondary growth in this region.

Chapter 2 examines diel and seasonal stem growth patterns in 17 trees of 11 dominant canopy
and understory species in the Mayombe forest. Highly-resolved measurements of radial stem
size variations and associated weather conditions provided insights into secondary growth
dynamics. Findings indicate that tree growth primarily occurs from 6 PM to 9 AM, and peaks
during the rainy season (October to May). Growth cessation, observed for 1-4 months in some
species, typically coincides with the dry season (June to September). A linear mixed-effects
model demonstrated a positive relationship between annual radial stem growth and rainfall.
These findings suggest that many tree species, including Terminalia superba, possess
significant resilience to projected increases in temperature and rainfall, though species-specific
growth responses vary. It is important to emphasize, however, that when using dendrometers,
there remains a possibility of occasionally mistaking swelling caused by turgor pressure for
irreversible growth. This highlights the need for more precise methods, such as cambial marking
and micro-coring.

Chapter 3 focuses on the formation, distinctness, and periodicity of growth rings in 18 common
tree species from two contrasting semi-deciduous rainforests. The presence of growth rings was
confirmed across all species using the cambial marking technique, followed by micro- and
macroscopic observations. Trees from the site with a well-defined dry season exhibited a higher
likelihood of forming periodic growth rings compared to those from a site with less distinct
rainfall seasonality. However, the distinctness of growth rings did not show significant variation
across the different sites. Trees that exhibited faster growth rates were more likely to form
periodic growth rings, potentially due to their greater sensitivity to seasonal environmental
fluctuations, which influence the cessation and resumption of cambial activity. This study
highlights the importance of understanding cambial dynamics through a more precise method
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such as microcore sampling and detailed phenological analysis to capture lateral meristem
activity.

Chapter 4 investigates cambial phenology in relation to climatic variables, tree morphological
traits, leaf phenology, and reproductive behaviors across two semi-deciduous rainforests with
distinct precipitation patterns. Biweekly microcores from 30 trees (10 species) and dendrometer
data from 59 trees (20 species) were analyzed to characterize cambial activity and dormancy.
Results indicate complex cambial dynamics, with species-specific cycles of activity and
dormancy or continuous growth. Trees in the more climate-sensitive Luki site, with a
pronounced dry season, may face increased vulnerability due to climate variability. Conversely,
trees from the less-seasonal Yangambi site demonstrated resilience to climatic fluctuations but
remained sensitive to internal growth dynamics, particularly morphological and reproductive
traits.

Chapter 5 offers a comprehensive examination of secondary growth in tropical tree species of
the Congo Basin, discussing results from Chapter 2, Chapter 3, and Chapter 4. By synthesizing
these distinct but interrelated dimensions, we achieve a clearer understanding of how
environmental variables, tree physiology, and growth patterns converge to shape the dynamics
of secondary growth in tropical rainforests.

Collectively, this thesis advances our understanding of tree growth and its drivers in the Congo
Basin, emphasizing the diversity and resilience of tropical tree species to anticipated climate
change. However, further research is needed to elucidate the underlying mechanisms driving
cambial dynamics and their long-term implications for forest carbon sequestration and
ecosystem functioning in this critical region.
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1.1. The Congo Basin rainforest
The Congo Basin, located in central Africa, is one of the world's most significant ecological
and hydrological regions. Renowned for its rich biodiversity, the region is home to the
livelihoods of 80 million people (White et al., 2021). Several small groups of the most well-
known indigenous tribal groups, often referred to as "Pygmies" inhabited the region for
thousands of years (Verdu, 2016). The Congo Basin can be viewed from two main perspectives:
the Hydrographical Congo Basin and the Ecological Congo Basin.

The Hydrographical Congo Basin, also referred to as the “Cuvette Centrale” (Crosby et al.,
2010), encompasses the entire drainage area of the Congo River, Africa's second-longest river
and the world's second largest by discharge (after the Amazon). Spanning approximately 400
million hectares, it includes all regions where water flows into the Congo River and its
tributaries. Extending beyond rainforest boundaries, it reaches savannahs and non-forested
areas. This basin is shared by eight countries: Democratic Republic of the Congo, Republic of
Congo, Central African Republic, Angola, Zambia, Tanzania, Burundi, Rwanda, and Cameroon
(Harrison et al., 2016). Gabon is occasionally considered part of the Hydrographical Congo
Basin due to minor hydrological overlaps near its eastern regions (Yuh et al., 2024).

The Ecological Congo Basin refers to the tropical rainforest biome and associated ecosystems
(Fig. 1 - 1), representing the world's second-largest continuous tropical rainforest, following the
Amazonian forests (Mayaux et al., 2013). It plays a crucial role in biodiversity conservation
and climate regulation (Hubau et al., 2020). It spans about 240 million hectares (White et al.,
2021) across six main countries, namely Democratic Republic of the Congo, Republic of
Congo, Central African Republic, Gabon, Equatorial Guinea, and Cameroon (Bele et al., 2015).
Northern Angola, including regions like Cabinda and Uige, is partially included due to its
rainforest ecosystems connected to the basin (Huntley, 2019).

Throughout this document, any reference to the Congo Basin pertains to its ecological
definition.
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Figure 1-1. The distribution of tropical rainforests across the countries of the Congo Basin.

1.1.1. Biodiversity
The Congo Basin is a dense tropical rainforest, as defined by the Yangambi classification
(Aubréville, 1957), this kind of forest is characterized by its complex multi-layered structure,
including an emergent canopy (30-50 m or higher), a continuous mid-canopy, and an
understory of shade-tolerant plants. It features high species richness with predominantly
evergreen species, creating a dense, dark environment with limited light reaching the forest
floor. The vegetation is further enriched by the presence of lianas, epiphytes, and climbing
plants. The forest floor is relatively open but covered by organic debris. These forests thrive in
warm, humid climates with consistent rainfall, relying on efficient nutrient cycling to
compensate for nutrient-poor soils.

The Congo Basin is among the most biologically rich ecosystems on the planet, housing more
than 1,200 species of fish, 400 species of mammals, 1,000 species of birds, and over 10,000
species of vascular plants, with around 30% being unique to the basin (Harrison et al., 2016;
Réjou-Méchain et al., 2021). The composition of vascular plant species in the forest is
heterogeneous across regions, though there is considerable overlap between some areas. The
forest canopy and mid-canopy feature emblematic species such as Entandrophragma
cylindricum, Entandrophragma utile (Kasongo Yakusu et al., 2018), Pericopsis elata (Bourland
et al., 2012; Kafuti et al., 2022), Scorodophloeus zenkeri (Kearsley et al., 2017), and Aucoumea
klaineana (Guidosse et al., 2024), while the understory is filled with a diversity of smaller
plants, shrubs, and ferns (Hubau et al., 2019). Monodominance, where at least 60% of canopy-
level trees belonging to the same species (T. B. Hart et al., 1989), is found in primary rainforests
throughout the Congo basin. Many of monodominant species belong to the leguminosae
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subfamily detarioideae, Gilbertiodendron dewevrei (De (Torti, Coley, Kursar, et al., 2001),
Cynometra alexandri (T. B. Hart et al., 1989; Luse Belanganayi, 2016), Julbernardia seretii (T.
B. Hart et al., 1989), Talbotiella gentii, and Tetraberlinia tubmaniana (Peh et al., 2011).

Iconic animal species like forest elephants (Fay & Agnagna, 1991; Beirne et al., 2021), western
lowland gorillas (Fay et al., 1989; Strindberg et al., 2018), bonobos (Nackoney & Terada, 2023),
and the elusive okapi (Stanton et al., 2014, 2015) inhabit the region. With the highest primate
density in the world, including chimpanzees and numerous monkey species, the Congo Basin
is also a critical area for birds, such as the African grey parrot (Fastré et al., 2024). The region
is home to a wide range of reptiles and amphibians, including frogs, snakes, and crocodiles.
Additionally, its rich insect diversity includes butterflies, beetles, and ants, all playing vital roles
in maintaining the ecosystem's health (Harrison et al., 2016; Beekmann et al., 2024).

1.1.2. Climate

The Congo Basin encompasses a wide range of ecosystems with varying tropical climatic
conditions. In the northern forests, the region experiences a hot, dry season, while the western
forests have a cooler, dry season (De Wasseige et al., 2010). Three main climate zones,
classified according to the Koppen-Geiger system, define the region. The northern part of the
basin, extending from 2.5°N to the northern border, is characterized by tropical savannah (Aw)
and tropical monsoon (Am) climates. Around the equatorial region, between 2.5°N and 3.5°S,
the middle zone is dominated by tropical rainforest (Af) and tropical monsoon (Am) climates.
Further south, from 3.5°S to the southern border, the region is primarily characterized by a
tropical savannah (Aw) climate (Mabrouk et al., 2022). The rainfall and temperature patterns
across the basin are highly variable (De Wasseige et al., 2010). However, the climate in the
Congo Basin is primarily influenced by rainfall, with only a minor contribution from
temperature variations. The region does not experience distinct thermal seasons, as
temperatures remain relatively consistent throughout the year with a low annual range.
However, the higher altitudes along the eastern and southern edges of the basin exhibit the
greatest annual temperature variation, reaching up to 4°C (Munzimi et al., 2015; Cook et al.,
2024). Over the past four decades, the Congo Basin peatlands have recorded an average annual
temperature of 25.5°C, which is slightly higher than temperatures measured over open water
areas but comparable to those observed in savannah regions (Eba’a Atyi et al., 2022).

The Congo Basin experiences diverse precipitation patterns shaped by its equatorial location
and complex climate dynamics. The dominant form of precipitation is convective rainfall,
driven by intense surface heating and moisture convergence, which frequently generates
thunderstorms. The highest mean annual rainfall (~2,000 mm) is concentrated in the central
region of the Congo River Basin near the equator, gradually decreasing to less than 1,000 mm
towards the northern and southern edges (Mabrouk et al., 2022).

The spatiotemporal distribution of monthly rainfall in the Congo Basin is influenced by the
north—south migration of the Intertropical Convergence Zone (ITCZ). Rainfall is most
widespread (50-300 mm) in March, April, October, and November, while the smallest areas
(0200 mm) are observed from June to August. The rainfall belt moves northward from
February to July and shifts southward from August to January. Regions with the highest
monthly rainfall (>200 mm) vary seasonally: the south and southeast experience peak rainfall
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in December and January, the north and northwest from August to October, and the west and
central areas in April and November. Conversely, minimum rainfall (<50 mm) occurs from May
to October in the south and southeast and from November to January in the north and northwest.
Notably, the southeastern region receives the most rainfall (>250 mm) from December to
February but experiences almost no rainfall (0 mm) from June to August (Mabrouk et al., 2022).

The World Meteorological Organization (WMO) recently reported that global near-surface
temperatures are highly likely to surpass pre-industrial levels by 1.5°C for at least one year
between 2023 and 2027. Additionally, projections indicate wetter-than-average conditions
across large parts of Asia and Central Africa during this period (WMO, 2023). Recent studies
further support this trend. Kasongo Yakusu et al., (2023) report a shift toward a drier dry season
and a more intense wet season since the early 2000s. The ongoing warming, along with
increased seasonality and rainfall intensity, is already significantly impacting crop yields in
Yangambi. Additionally, Cook et al., (2024). project that surface temperatures in the Congo
Basin will rise by 4.0-5.4 K by the end of the century, with variations depending on region and
season. These temperature changes are strongly influenced by feedback mechanisms, including
increased atmospheric water vapor and cloud dynamics, which amplify radiative forcing.

1.1.3. Climate and ecosystem services

The Congo Basin rainforest is often referred to as the "lungs of Africa" due to its critical role in
carbon sequestration. The entire basin absorbs approximately 1.5 billion metric tons of carbon
dioxide annually, making it one of the most significant carbon sinks on the planet (UNEP,
2023). The Congo Basin forests contain a high level of carbon. It is estimated that they hold
between 25 and 30 billion tons of carbon in their vegetation (Hoare, 2007), and an additional
30.6 billion tons of carbon in their peatlands (Dargie et al., 2017). Currently, these forests store
more carbon per hectare than Amazonian forests, primarily due to their distinct structural
characteristics. Although tree density per hectare is lower in the Congo Basin, the region has a
higher proportion of large-diameter trees, and trees of similar diameter tend to be taller. As a
result, The average carbon or biomass per hectare is higher in Congo Basin forests compared
to Amazonian forests (Sullivan et al., 2017). In addition, unlike the Congo Basin forests,
Amazonian forests have experienced a decline in atmospheric carbon uptake capacity over the
past 30 years, primarily due to increased tree mortality linked to climate change (Brienen et al.,
2015; Hubau et al., 2020).

The Congo Basin rainforests provide approximately 30% of Africa's freshwater resources,
supporting millions of people who rely on these ecosystems for their livelihoods and daily needs
(De Wasseige et al., 2010; White et al., 2021). These forests play a crucial role in both regional
and global water cycles, generating 75% to 95% of their own rainfall (De Wasseige et al., 2010).
This moisture not only sustains the Congo River system but also influences weather patterns
across the African continent, extending as far as the Sahel and the Ethiopian highlands. As a
result, these forests provide vital water resources that support an additional 300 million rural
Africans (White et al., 2021). Furthermore, the forest's dense canopy helps regulate
temperatures, reducing extreme heat and contributing to the stability of its microclimates (De
Frenne et al., 2019).
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1.1.4. Economic importance
The Congo Basin is a critical economic resource for central African countries. Timber
extraction is a significant industry, with valuable woods such as okoumé (Aucoumea
klaineana), sapelli (Entandrophragma. cylindricum), ayous (Triplochiton scleroxylon), iroko
(Milicia excelsa), sipo (Entandrophragma utile), padouk (Pterocarpus soyauxii), and moabi
(Baillonella toxisperma) being the main species harvested in the beginning of the 21th century
(Pérez et al., 2005).

1.1.5. Deforestation and environmental threats

The forest ecosystems of the Congo Basin remain relatively well preserved compared to other
tropical regions, such as Amazonia and Southeast Asia, where deforestation rates are
significantly higher (Hubau et al., 2020). However, there are growing indications that the Congo
Basin may be approaching a turning point, facing increased risks of deforestation and forest
degradation. Historically, low deforestation rates have been attributed to factors such as poor
infrastructure, low population densities, and political instability, which have provided a form
of passive protection for the forests (Megevand et al., 2013). Despite this, the Congo Basin is
now under increasing pressure from both internal and external forces, including illegal logging,
poor governance, high levels of corruption, mineral extraction, road development, wood energy
exploitation, and the expansion of shifting cultivation for subsistence (Bauters et al., 2021;
Piabuo et al., 2021). These factors, combined with population growth, threaten to significantly
intensify deforestation. As a result, the region could shift from its current "high forest/low
deforestation" status to one marked by accelerated deforestation in the coming decades
(Megevand et al., 2013). Additionally, rising temperatures (Anderegg et al., 2015) and shifting
rainfall patterns (Trenberth, 2011) are altering the rainforest's structure, leading to changes in
species distribution and an increased frequency of wildfires (Fauset et al., 2012).

1.1.6. Conservation efforts

Efforts to protect the Congo Basin rainforest and its biodiversity are ongoing. Several national
parks (Imarhiagbe et al., 2022), such as Virunga National Park and Odzala-Kokoua National
Park, have been established to conserve wildlife and ecosystems. In addition, UNESCO World
Heritage Sites, including Salonga National Park in the Democratic Republic of Congo (DRC),
serve as crucial protected areas (Egbe, 2022). The countries of the Congo Basin actively
participate in the REDD+ program (Reducing Emissions from Deforestation and Forest
Degradation), which should offers financial incentives for conservation and sustainable forest
management (Somorin et al., 2012). International conservation organizations like the World
Wildlife Fund (WWF), Rainforest Foundation, and Conservation International collaborate with
governments and local communities to promote the sustainable use of resources and protect
endangered species. Increasingly, indigenous communities and local populations are becoming
involved in these conservation initiatives, using their traditional knowledge to manage the forest
in a sustainable manner (Eba’a Atyi et al., 2022).

1.2. Tree growth
A tree is a specific type of plant, defined as an organism that performs photosynthesis, and is
distinguished by its woody, lignified trunk, branches, and typically significant height. Trees are
perennial plants, meaning they live for more than two years, and they play a crucial role in
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ecosystems by sequestering carbon and providing habitats for various other living organisms.
Growth is a vital function of trees, allowing their trunks and branches to increase in length
(primary growth) and in diameter (secondary growth) over time (Campbell & Reece, 2012).

To gain a clearer understanding of the dynamics of growth in tree wood, it is important to first
grasp its fundamental composition and structure. This section offers a general overview of wood
biology without getting too deep into plant physiology, laying the groundwork for a more
detailed exploration of the process of xylogenesis.

1.2.1. Tree cell

Cells represent the smallest components of living organisms that perform all essential biological
functions, serving as the fundamental structural and functional units of life. This concept is a
core principle of cell theory, which highlights that all living organisms, no matter how simple
or complex, are made up of cells. These cells are responsible for carrying out vital functions
such as energy capture, nutrient absorption, waste elimination, and reproduction. Single-celled
organisms perform all necessary functions within one cell, while multicellular organisms
depend on the specialization and coordination of many different cell types to sustain life (Evert,
2006; Campbell & Reece, 2012).

Plants, as living organisms, are made up of cells (Fig. 1 — 2), which vary greatly in size, shape,
and function. Some cells have microscopic size, while others can reach sizes of millimeters or
even centimeters, as seen in certain plant fibers. While some cells carry out multiple functions,
others are highly specialized for specific tasks. Despite this remarkable diversity, cells share
striking similarities in their physical structure and biochemical properties, highlighting a
common organizational framework across diverse forms of life (Evert, 2006; Crang et al.,
2018).

Tree cells, like other plant cells, consist of the cell wall and the protoplasm. The protoplasm
includes both the cytoplasm and the nucleus. The cell wall is mainly composed of cellulose,
hemicellulose, and lignin, giving the cell its strength and structure. Inside, the cytoplasm is a
gel-like substance that houses the organelles, which perform essential functions like energy
production, protein synthesis, and nutrient storage (Evert, 2006; Taiz & Zeiger, 2010; Crang et
al., 2018). Key organelles include:

e Chloroplast: Organelle responsible for photosynthesis.
e Mitochondria: The powerhouse of the cell, where energy (ATP) is produced.
e Endoplasmic Reticulum (ER): Involved in protein and lipid synthesis.
o Golgi Apparatus: Processes and packages proteins and lipids for transport.
e Vacuole: A large, central organelle in tree cells that stores nutrients, waste products,
and helps maintain cell turgor (pressure), crucial for supporting the plant's structure.
o Plasmodesmata: Channels between adjacent cells, allowing for communication and
transport of materials.
The nucleus controls cell activities and contains genetic material (DNA). Together, cell
components support growth, transport of water and nutrients, and overall tree function (Evert,
2006; Taiz & Zeiger, 2010; Crang et al., 2018).
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The cytoplasm of every living cell is surrounded by a plasma membrane which is a selectively
permeable barrier that surrounds its cytoplasm. The plasma membrane is composed primarily
of a phospholipid bilayer with embedded proteins. It plays a crucial role in regulating the
transport of substances in and out of the cell, ensuring cellular homeostasis. Additionally, it
facilitates communication between cells through various signaling molecules. Plasmodesmata,
small membrane-lined channels, are extensions of the plasma membrane that traverse the cell
wall to connect the cytoplasm of neighboring plant cells. These structures allow the plasma
membranes of adjacent cells to remain continuous, enabling the direct exchange of ions, small
molecules, and even macromolecules between cells. This connection ensures coordination in
cellular activities (Evert, 2006).
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Figure 1-2. Structure and Composition of a Plant Cell.

1.2.2. Generalities on tree growth

Carbon sequestration in trees is a complex sequence of chemical and physiological processes
that begins with photosynthesis (J. W. Hart, 2012) and culminates in the deposition of lignin in
the cell walls of woody tissues (Verbancic et al., 2018). This series of processes not only drives
tree growth but also plays a crucial role in mitigating climate change by capturing carbon
dioxide from the atmosphere (Crang et al., 2018). As highlighted earlier, the Congo Basin, one
of the world’s largest carbon sinks, sequesters vast amounts of CO., making it indispensable to
global carbon regulation. Tree growth is one of the mechanisms contributing to the carbon sinks
of the Congo Basin (Nkem et al., 2008). Given the ecological and climatic significance of this
region, it is imperative to understand the growth dynamics of its trees. By studying the processes
underlying tree growth, we can gain valuable insights into the factors that influence carbon
storage and forest productivity.

In the following sections, we will provide a general overview of tree growth, with particular
attention to the processes involved in both primary and secondary growth. This will be followed
by a more detailed examination of secondary growth, which has emerged as the primary driver
of carbon sequestration in trees.
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1.2.2.1.  Meristems as the primary drivers of tree growth
At any point, plants have embryonic, growing, and mature organs. Except during dormancy,
most plants grow continuously. This phenomenon is known as infinite or indeterminate growth.
Indefinite growth is possible because plants constantly produce undifferentiated tissues called
meristems, which divide under favorable conditions to produce new cells that can enlarge.
There are two types of meristems: apical meristems and lateral meristems (Campbell &
Reece, 2012; Crang et al., 2018).

Apical meristems, located at the tips of roots and stems, as well as in the axillary buds of
shoots, provide the cells necessary for growth in length. This type of elongation is called
primary growth, allowing roots to extend into the soil and stems to increase their exposure to
light. The terminal buds carry out the lengthwise growth of each tree axis by extending its free
end, creating a new axis portion of length / (Fig. 1- 3). The segment of the stem formed during
an uninterrupted period of elongation is referred to as the primary growth unit (GU) (Hall¢ et
al., 1968; Hall¢ & Oldeman, 1970).
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Figure 1-3. Overview of primary and secondary growth.

In woody plants, the parts of stems and roots where growth in length has ceased begin to
increase in circumference. This thickening, known as secondary growth, occurs due to the
activity of lateral meristems, specifically the vascular cambium (from the Latin cambiare,
meaning "to change") and the cork cambium or the phellogen (from the Greek phellos,
meaning "cork"). These cylindrical structures of dividing cells extend along the roots and stems.
The vascular cambium generates additional layers of conductive tissue, known as secondary
xylem (wood) and secondary phloem. The phellogen replaces the epidermis with the thicker
tissue (Fig. 1 —4) (Campbell & Reece, 2012; Crang et al., 2018).

The phloem, the inner bark part, is a vascular tissue responsible for transporting organic
nutrients, particularly the products of photosynthesis, such as sugars, from the leaves (where
they are produced) to other parts of the plant, including the roots, stems, and growing tissues.
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The phloem is essential for distributing energy to maintain plant growth, development, and
storage (Taiz & Zeiger, 2010).

Primary phloem Procambium (Fascicular cambium) Secondary

phloem

Procambium

Interfascular cambium

Primary xylem Peridermis

Vascular
>, cambium

Phellogen (Cork cambium) Secondary xylem

Primary growth ssssssp- Vascular cambium sy Secondary
formation growth

Figure 1-4. A schematic illustration showing the progression of secondary growth in a
dicotyledon stem from primary growth to the formation of the vascular cambium and
the onset of secondary growth.

The peridermis, or more commonly referred to simply as the periderm or suber, is the outer part
of the tree's bark that plays a crucial role in protecting the plant from environmental stresses,
such as physical damage, pathogens, and water loss. The periderm is made up of three main
components (Glimn-Lacy & Kaufman, 2006) (Fig. 1 —5):

1. Phellogen (Cork Cambium): This is a layer of meristematic cells that divides to produce the
other two layers of the periderm. It is the origin of the periderm and is responsible for the growth
of the cork tissue.

2. Phellem (Cork): The outer layer produced by the phellogen, made up of dead cells filled with
a substance called suberin, which is waterproof. The phellem serves as the primary protective
barrier against physical damage, pathogens, and water loss.

3. Phelloderm: The inner layer produced by the phellogen, which consists of living cells. The
phelloderm is often thin and can assist in nutrient storage and transport, though its exact role
can vary depending on the plant species.
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Figure 1-5. Cross section of a dicotyledon stem.

Meristem cells divide frequently to produce new cells. Some of these new cells remain in the
meristems as a source for further cell production. Traditionally called initial cells, they are
increasingly referred to as stem cells. Another portion of the new cells specialize and become
integrated into the tissues and organs of the growing plant (Campbell & Reece, 2012).

The central core of the stem or trunk, often composed of soft parenchyma cells, is known as the
pith. It is typically present in younger plant stems, where it is involved in nutrient storage and
transport. As the tree matures, the pith becomes less significant and eventually disappears in
older trees (Rittner & McCabe, 2004).

1.2.3. Composition and structure of secondary xylem tissue
1.2.3.1.  Parenchyma, collenchyma and sclerenchyma tissues
Like all plants tissues, woody cells are primarily classified into parenchyma, collenchyma, and
sclerenchyma, each serving distinct structural and functional roles (Crang et al., 2018).

Parenchyma cells have thin primary cell walls, remain alive at maturity, and are the most
common type of plant cells. They are primarily responsible for storage, photosynthesis, and
wound repair in wood tissues. In xylem, parenchyma cells are found in rays and axial and serve
to store starch and aid in water transport (Evert, 2000).

Collenchyma cells have unevenly thickened primary walls that provide flexibility. Unlike
sclerenchyma, they lack lignin, allowing them to offer flexible support. In some cases,
secondary deposition may occur, leading to a gradient in development (Leroux, 2012). They
are found mainly in young growing tissues and in herbaceous parts (such as leaves) of
angiosperms. In xylem, they are less abundant but can be found in areas that require flexibility.
Collenchyma cells provide mechanical and structural support while allowing for growth. Of the
three fundamental plant tissues, collenchyma accounts for only about 1% (Crang et al., 2018).

Sclerenchyma cells have thickened secondary walls rich in lignin, which gives them rigidity.
These cells are typically dead at maturity and provide essential mechanical support and strength
to the plant. The primary sclerenchyma cells include fibers, tracheids, and vessel elements found
throughout the xylem, as well as sclereids located mainly in the phloem, all of which contribute
significantly to the hardness and structural integrity of tree stem (Crang et al., 2018).
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1.2.3.2.  Cellular composition of xylem
Xylem tissue is composed of various types of cells that differ in structure and function (Evert,
2006; Crang et al., 2018). As in all plant tissues, there is a layer of 0.5 to 1.5 um thick between
adjacent wood cells, known as the middle lamella (Plomion et al., 2001). It serves as a kind of
cement that holds neighboring cells together, providing structural stability and helping tissues
maintain their shape and integrity. The middle lamella is primarily composed of pectins, a group
of polysaccharides that are sticky and gel-like, making it highly effective at binding cells (Tan
etal., 2013; Anderson, 2016). During the process of lignification, which occurs in the secondary
cell wall formation of certain tissues like xylem, the middle lamella can become impregnated
with lignin, contributing to the rigidity and strength of tissues like wood (Taiz & Zeiger, 2010).

The primary wood cell types include tracheids, fibers, vessel elements, and parenchyma cells,
all of which are supported by a cell wall made of cellulose, hemicellulose, and lignin (Lack &
Evans, 2001; Taiz & Zeiger, 2010) (Fig. 1 — 6). Tracheids and parenchyma cells are present in
both gymnosperms and angiosperms (flowering plants). Fibers are absent in most
gymnosperms. Vessels are generally absent in gymnosperms. Gymnosperms, such as conifers,
rely on tracheids for both water conduction and structural support (Hacke et al., 2005; Sperry
et al., 2006). In some exceptional cases, a few gymnosperms, like members of the Gnetales
order (Gnetum and Ephedra, and Welwitschia), have evolved to possess vessel elements. The
presence of vessels in these groups is considered a convergent evolution, meaning it evolved
independently of the vessels in angiosperms (Carlquist, 2012).

The internal cavity or space within a plant cell is called lumen, particularly in xylem cells such
as tracheids, vessel elements, and fibers. In the context of xylem cells, the lumen is the hollow
region through which water and nutrients move (Sperry et al., 2006). Cells that perform a
conductive function possess specialized structures in their cell walls known as pits. The pit
membrane, composed of cellulose, regulates water flow and prevents the entry of air embolisms
(air bubbles), which could interfere with water transport (Lack & Evans, 2001). There are three
main types of pits: simple pits, bordered pits, and half-bordered pits. Simple pits have a
straightforward design. They consist of a pit membrane surrounded by a relatively thin and
unthickened cell wall. The pit aperture is simple and not surrounded by any additional
thickening. These are common in parenchyma cells, fibers, and sometimes in vessel elements.
Bordered pits have a more complex design. They consist of a pit membrane surrounded by a
thickened border of secondary cell wall material. The pit chamber is larger, and the aperture is
more defined, often appearing as a smaller opening within the larger pit chamber. Bordered pits
are primarily found in tracheids and vessel elements (Crang et al., 2018).

In the vessel elements, there are areas at the ends of the cell body where the cell walls are either
partially or completely dissolved, creating openings known as perforation plates. These allow
for the unrestricted flow of water from one cell element to another. Perforation plates may be
simple or compound (Lack & Evans, 2001; Campbell & Reece, 2012; Crang et al., 2018). Here
are the main types of perforation plates:
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e Simple perforation plates. Simple perforation plates consist of a single large opening,
without any bars or divisions. Commonly found in species with high water-transport
efficiency (Oskolski & Jansen, 2009).

e Scalariform perforation plates. Featuring multiple elongated, parallel slits,
resembling a ladder. Often found in primitive angiosperms and in regions of the plant
with lower water transport demands (Christman & Sperry, 2010; T. Xu et al., 2022).

e Reticulate perforation plates. With network-like arrangement of openings, similar to
a mesh or net. Found in some species but is relatively less common than simple or
scalariform plates (Luo et al., 2019).

e Foraminiform perforation plates. Featuring multiple small, round openings that
resemble pores. Very rare, they are considered to be a specialized type of perforation
plate (Wréblewska, 2015).

e Ephedroid perforation plates. Ephedroid perforation plates show a combination of
features that are intermediate between primitive and advanced types of perforation
plates. They are often partially dissolved, with a mix of narrow, slit-like openings and
more perforated areas (Crang et al., 2018). They refer to a specialized type of perforation
plate found in the xylem vessel elements of certain members of the Gnetales order (Jiang
etal., 2013).

Specialized structures known as spiral thickenings are found in the secondary walls of some
xylem cells, such as tracheids and vessel elements. These consist of helical or spiral bands of
thickened cell wall material, typically made of cellulose and lignin, which provide structural
reinforcement while allowing the cell walls to remain flexible. Spiral thickenings are
particularly common in younger or newly formed xylem elements, where they help maintain
water transport under challenging conditions by reducing the likelihood of cell collapse during
water stress (Lack & Evans, 2001).

1.2.3.2.1. Tracheids
Tracheids (Fig. 1 — 6) are elongated, slender cells with thickened walls and tapered ends, lacking
perforations. They have bordered pits that allow water to pass between adjacent cells. Aligned
side by side and oriented parallel to the tree's axis, tracheids primarily function in both water
transport and structural support. They facilitate the movement of water and dissolved nutrients
from the roots to other parts of the plant, particularly in gymnosperms and certain angiosperms
(Glimn-Lacy & Kaufman, 2006).

1.2.3.2.2. Fibers
Fibers (Fig. 1 — 6) are long-walled narrow cells with smaller lumens and fewer bordered pits
than tracheids, because they are not involved in active water conduction. Fibers are often dead
at maturity and unlike tracheids, they do not have plate perforations. Typically, thicker-walled
than tracheids, fibers are mainly supporting cells that reinforce the xylem of angiosperms,
giving elasticity, flexibility, tensile strength, and mechanical support to plant structure (Rittner
& McCabe, 2004). There are two types of fibers found in the xylem tissue of angiosperms:
fiber-tracheids and libriform fibers (Li et al., 2024). Fiber-tracheids are intermediate cells
between tracheids and fibers. They are elongated cells with thicker cell walls than typical
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tracheids, but they still retain some ability for water conduction. Fiber-tracheids contain
bordered pits, similar to tracheids, which allow for limited water movement between adjacent
cells. However, these pits are generally fewer and smaller, and less efficient in water transport
than those in tracheids. The primary function of fiber-tracheids is mechanical support, but they
also play a minor role in water conduction. They are more common in primitive angiosperms
or plants that need structural reinforcement while maintaining some conduction capacity (Crang
et al., 2018).

Libriform fibers are highly specialized fibers that are even more adapted for mechanical support
than fiber-tracheids. They are long, narrow cells with thick lignified walls and a small lumen.
Unlike fiber-tracheids, libriform fibers have simple pits or no pits at all, making them highly
specialized for support but not for conduction. Libriform fibers are primarily responsible for
structural reinforcement. They have very little, if any, role in water transport. This specialization
for mechanical strength is particularly important in hardwood species, where the plant relies on
other cells, such as vessel elements and tracheids, for water movement (Hacke et al., 2015;
Crang et al., 2018).

1.2.3.2.3. Vessel elements
Vessel elements (Fig. 1 — 6) are wide, short cells with thick lignified walls and perforation plates
at their end, enabling axial water transport. They are aligned end-to-end and forming tubes that
allow for more efficient water transport in angiosperms. They generally have a larger lumen
than tracheids, which facilitates quicker water flow. Additionally, vessel elements possess pits
on their side walls that enable lateral water movement between neighboring cells, though the
primary water flow occurs axially through the perforations (Rudall, 2007).

1.2.3.2.4. Parenchyma cells
Parenchyma (Fig. 1 — 6) is a versatile and fundamental plant tissue type, present in nearly all
parts of a plant. It plays a wide range of roles, from photosynthesis to storage and repair, and is
one of the least specialized yet most crucial tissues in plants (Lack & Evans, 2001; Leroux,
2012).

Within the xylem, parenchyma cells are thin-walled cells and polyhedral shape, generally
smaller and less elongated than tracheids and fibers. These cells are responsible for storage
(e.g., of starch) and repair of damaged xylem tissue. They can also assist in the lateral transport
of water and nutrients. Parenchyma cells may have simple pits that allow for communication
with other xylem cells, but they are not directly involved in water transport like tracheids and
vessel elements (Evert, 2006; Crang et al., 2018). In contrast to tracheids, most parenchyma
cells retain their nuclei and cytoplasm until they die during the process of heartwood formation
(Evert, 2006).

There are different types of parenchyma in xylem (Evert, 2006; Crang et al., 2018):

e Axial parenchyma: These cells are arranged vertically in the xylem and are responsible
for the storage of nutrients and carbohydrates. They run parallel to the xylem vessels
and tracheids. When viewed in cross section, the axial parenchyma exhibits various
arrangements in relation to the vessels and across the growth rings. The specifics of
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these arrangements are classified and described by the International Association of
Wood Anatomists (IAWA) (IAWA Committee, 1989).

e Radial parenchyma: These cells are arranged radially, extending from the pith toward
the bark, and form the xylem rays. They help in the lateral transport of water and
nutrients across the plant stem, connecting the inner xylem to the outer living tissues.
They also play a key role in wound repair and storage.

e Chlorenchyma: though less common in xylem, some specialized parenchyma cells may
retain chloroplasts and are involved in photosynthesis when present in living tissues
near the xylem.
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Figure 1-6. Schematic illustration of wood organization.

1.2.4. Cell wall
The cell wall is a distinctive feature of higher plant cells, providing crucial structural support.
Plant cells experience significant internal pressures due to water absorption, which would cause
rupture without the cell wall (Crang et al., 2018). Plant cell walls, particularly in forest trees,

represent one of the most significant carbon sinks within the terrestrial ecosystem (Li et al.,
2024).

1.2.4.1.  Types of cell wall
There are two main types of cell walls. Primary cell wall surround living plant cells and consists
of a flexible matrix of cellulose, cross-linking glycans, and structural proteins. This wall
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contains enzymes that can modify its structure by loosening or strengthening the matrix as
needed. The primary wall plays a key role in providing physical support during periods of
growth and in herbaceous tissues. The secondary cell wall is a more rigid and structured layer
that forms inside the primary cell wall once the plant cell has stopped growing. The secondary
cell wall is significantly strengthened by the deposition of lignin, making it rigid and well-suited
for tissues that require substantial strength and support, such as tracheary elements (tracheids
and vessels elements) and fibers. These cells typically die once they mature. (Crang et al., 2018).

1.2.4.2.  Cell Wall Composition
In wood, the cell wall is primarily composed of cellulose, hemicellulose, pectin, lignin, proteins,
water and other polysaccharides.

Cellulose. Cellulose is the most abundant polysaccharide in the plant cell wall. It forms the
primary structure of the cell wall and provides the wall with structural strength and flexibility.
It consists of long chains of glucose molecules linked by B-1,4-glycosidic bonds, which form
microfibrils. These microfibrils are responsible for cell wall rigidity and tensile strength, which
allow the plant cell to resist pressure. There is more cellulose in the secondary wall than in the
primary wall (Duchesne & Larson, 1989; Delmer & Amor, 1995; Caffall & Mohnen, 2009).

Hemicellulose. Hemicellulose is a group of polysaccharides that are shorter and branched
compared to cellulose. It is made of various sugar monomers like xylose, mannose, and glucose.
Hemicellulose binds to the surface of cellulose microfibrils, helping to hold them together,
providing stability to the cell wall. There is lower amounts of hemicellulose in the secondary
wall than in the primary wall (Duchesne & Larson, 1989; Pauly et al., 2013). The predominant
hemicellulose in gymnosperm wood is galactoglucomannan, while in angiosperm wood, it is
xylan (Timell, 1967).

Pectin. Pectins are polysaccharides rich in galacturonic acid and are found predominantly in
the middle lamella and primary cell wall. Pectins play a crucial role in cell adhesion and provide
the cell wall with its ability to resist compression. They also contribute to the flexibility and
porosity of the wall, especially in young cells (Mohnen, 2008; Harholt et al., 2010).

Lignin. Lignin is an organic polymer found primarily in the secondary cell walls of woody-
plant tissues. Lignin adds rigidity and waterproofing to the cell wall, making it more resistant
to decay and mechanical damage. It also helps in conducting water in vascular plants by
strengthening the xylem (Ralph et al., 2004; Liu et al., 2018).

Proteins. The wood cell wall contains several types of proteins, including structural proteins
like extensins that provide additional support and enzymes involved in wall remodeling. These
proteins help regulate the growth and expansion of the cell wall, as well as contribute to its
overall structure. Proteins are present in small quantities in the secondary wall, mainly involved
in wall remodeling and repair processes (Jamet et al., 2006; Jamet & Dunand, 2020).

Water. The cell wall contains a significant amount of water, which maintains its elasticity and
helps in the diffusion of nutrients (Cresswell et al., 2021; Fredriksson et al., 2023).
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Other Polysaccharides. There are also smaller amounts of other polysaccharides, such as
glycoproteins and arabinogalactan proteins, that contribute to cell wall functions (Abedi et al.,
2020; Leszczuk et al., 2023).

1.2.4.3.  Cell wall structure

The cell wall forms from the middle lamella and develops inward, first with the primary wall,
followed by the secondary wall (Fig. 1 — 2). The primary wall allows for cell growth and
flexibility, while the secondary wall, which is deposited later, provides additional strength and
rigidity (Timell, 1967; Taiz & Zeiger, 2010). The primary cell wall is a network of cellulose
microfibrils loosely organized, along with hemicelluloses and peptide chains, all embedded in
a high hydrated matrix of pectins. This structure provides flexibility and strength, enabling the
cell to grow and maintain its shape (Timell, 1967; Duchesne & Larson, 1989; Taiz & Zeiger,
2010). The primary cell wall thickness varies between 0.1 and 1pum (Chebli et al., 2021).

The secondary cell wall is made up of the same basic elements as the primary wall, but with the
addition of lignin, which provides increased rigidity and strength. It contains a higher proportion
of cellulose, with its microfibrils arranged in a helical pattern across multiple sub-layers. The
direction of the helix alternates from one sub-layer to the next, providing enhanced structural
strength and rigidity. In most tracheary elements and fibers, the secondary wall consists of three
layers: S1, S2 and S3 (Timell, 1967; Duchesne & Larson, 1989; Evert, 2006).

The S1 layer is the outermost layer of the secondary cell wall, located just beneath the primary
cell wall. It is the thinnest of the S layers, measuring just 0.1 to 0.35 um thick and accounting
for only 5% to 10% of the total cell wall thickness (Plomion et al., 2001). The cellulose
microfibrils in the S1 layer are arranged at a relatively shallow angle to the cell axis and are
organized in a crossed helical pattern. This layer provides initial structural strength and stability
(Timell, 1967; H. Xu et al., 2022).

The S2 layer is the thickest and most important layer of the secondary cell wall. It accounts for
most of the cell wall's thickness and strength. Its thickness varies between 1 and 10 pm (Plomion
etal., 2001). The cellulose microfibrils in this layer are arranged almost parallel to the cell axis,
providing high tensile strength. The S2 layer contributes most of the mechanical strength and
rigidity of the cell wall. It plays a crucial role in the transport of water in vascular tissues
(Timell, 1967; Salmén, 2018).

The S3 layer is the innermost and relatively thin layer of the secondary cell wall, being only
0.5to 1.10 pm (Plomion et al., 2001). It is located just outside the cell membrane. The cellulose
microfibrils in the S3 layer are oriented at a steeper angle compared to the S2 layer, closer to
the arrangement in the S1 layer. They are oriented almost parallel to the cell elongation axis
and form a flat helix. Although thinner than the S2 layer, the S3 layer adds additional support
and regulates the interaction between the secondary wall and the cell membrane (Timell, 1967;
Zarra et al., 2020).

1.2.5. Xylogenesis
Xylogenesis is the process by which xylem, the vascular tissue responsible for water and
nutrient transport in plants, is formed. This process is critical for the growth and development
of woody plants, as it contributes to the formation of wood and the overall structure of the plant.
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Xylogenesis is a complex and highly regulated process that that relies essentially on the activity
of the vascular cambium (Funada et al., 2016) and is influenced by environmental factors such
as temperature, water availability, and seasonal changes. In many plants, xylogenesis occurs
primarily during the growing season, when conditions are favorable for growth (Catesson,
1994; Savidge, 1996).

As described in Section 1.2.2, the cambial zone is a meristematic region responsible for
producing secondary xylem towards the inside of the stem and phloem towards the outside,
resulting in the thickening of stems and roots. The cambium is composed of two types of initials
cells (cambial initials): elongated fusiform initials and smaller, cuboidal ray initials. Fusiform
initials give rise to longitudinally aligned cells including vessels, tracheids and fibers, while ray
initials give rise to transversely aligned cells, primarily ray parenchyma cells (Bailey, 1920;
Evert, 2006; Funada et al., 2016).

Xylogenesis primarily involves periclinal divisions of cambial cells, which add new cells to the
radial file, perpendicular to the stem axis. However, anticlinal divisions, which occur parallel
to the stem axis, are also observed. Anticlinal divisions do not directly form wood, but they help
increase the number of initials cambial cells, ensuring that the cambium can maintain sufficient
surface area to support ongoing periclinal divisions (Bannan, 1950; Barlow et al., 2002).

In temperate regions, the cambial zone exhibits seasonal activity. During the growing season
(spring and summer), the cambium is highly active, producing large amounts of xylem and
phloem. In winter, the cambium becomes dormant, and cell division ceases. This cyclical
activity leads to the formation of annual growth rings in woody plants (Riding & Little, 1984;
D. Wang et al., 2021). Overall, the total duration of xylogenesis can vary from around 4 to 6
months for temperate species, depending on the latitude and environmental conditions (Giiney
et al., 2015). In tropical regions, cambial phenology likely exhibits a wide range of complex
patterns due to the diverse environmental conditions present in these ecosystems. Despite the
ecological importance of tropical forests, little is known about the detailed timing and factors
influencing cambial dynamics in these regions, particularly compared to temperate forests
(FAO & ITTO, 2011; Pumijumnong et al., 2023).

Xylogenesis involves several stages including cell division, cell expansion, cell differentiation,
secondary wall formation and cell death (Plomion et al., 2001; Verbancic et al., 2018; Balzano
etal., 2021).

1.2.5.1.  Cell division

During this stage, the meristematic mother cell undergoes several mitosis phases, including cell
growth, DNA synthesis, nuclear division, and cytoplasmic separation, ultimately resulting in
the formation of two daughter cells (Lachaud et al., 1999; Crang et al., 2018). This process
repeats actively, producing a greater number of new cells on the xylem side, towards the inside
of the plant, than on the phloem side, towards the outside (De Micco et al., 2020). The cell
division phase can last several days, ranging between 10 and 50 days, depending on factors like
tree species, developmental stages, and environmental conditions (Larson, 1994).
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1.2.5.2.  Cell enlargement

After the initial cell division, the newly formed xylem cells undergo expansion. This stage
involves the elongation and enlargement of the cells, which will later become part of the plant's
conductive system (Lachaud et al., 1999; Rathgeber et al., 2016). Cell expansion is a turgor-
driven process that requires sufficient water availability, along with free sugars and amino acids.
These resources are essential to maintain the turgor pressure needed for protoplast enlargement,
which in turn exerts stress on the cell walls, leading to both reversible and irreversible
deformations (Ortega, 2017).

For many species, cell enlargement lasts about 10 — 14 days, but this can vary with conditions
like water supply (J. Vieira et al., 2014; Cuny et al., 2015; Giiney et al., 2015).

1.2.5.3.  Cell differentiation
During their differentiation, xylem cells undergo significant morphological and physiological
transformations, shaping them according to their future functions. As the cells expand, they
begin to differentiate into specialized types of phloem cells or of xylem cells (tracheids, vessel
elements, and fibers) (Rathgeber et al., 2016).

1.2.54. Secondary wall formation
As the developing cell reaches its final size, a new layer forms inside the primary cell wall: the
secondary cell wall, which is the most critical for providing the cell with mechanical strength
and the water transport efficiency. As the different layers of the secondary wall forms
successively from outer to inner, lignin is incorporated into the matrix (Liu et al., 2018). The
duration of secondary wall thickening can last for up to 30-50 days depending on the species
and environmental factors (Cuny et al., 2015; Giiney et al., 2015).

1.2.5.5. Programmed cell death

In the final stage of xylogenesis, the secondary cell walls of xylem cells become fully lignified,
then the concerning cells undergo programmed death, resulting in hollow, tube-like structures
that are highly efficient at conducting water and minerals from the roots to the rest of the plant.
As with lignification, the programmed cell death process begins earlier and is more rapid in
vessels than in tracheids and fibers (Courtois-Moreau et al., 2009; Schuetz et al., 2013). The
depletion of oxygen and the enrichment of carbon dioxide within the newly formed xylem lead
to the death of parenchyma cells, which initiates the process of heartwood formation. This
transition occurs as respiration becomes limited, causing metabolic activity to cease in the
parenchyma cells, eventually resulting in the deposition of extractives that protect the
heartwood and contribute to its structural integrity (Kampe & Magel, 2013). Unlike xylem,
phloem tissue is periodically renewed, with the frequency of renewal varying among species
and depending on climatic conditions. Non-lignified phloem cells, such as sieve elements and
companion cells, age and degrade over time, leading to a loss of functionality. Additionally, the
radial growth of xylem compresses older phloem tissues, contributing to their degradation and
disappearance. Consequently, the vascular cambium generates new phloem to maintain the
essential transport of photosynthates and signaling molecules throughout the plant (Ray &
Savage, 2021).
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1.2.6. Methods to study secondary growth
Assessing tree secondary growth typically involves a combination of direct measurements,
dendrochronological techniques, and modern technologies. Here are the more commonly used
methods:

1.2.6.1.  Direct measurement of stem dimension change
This method utilizes dendrometers to measure variations in either the tree's girth or radius at
almost any time scale.

Dendrometer bands are mechanical devices consisting of a flexible metal band that measure
changes in its tree girth over time. These bands expand or contract as the tree grows or shrinks,
allowing researchers to manually track growth patterns (Cardoso et al., 2012; Gliniars et al.,
2013).

Point dendrometers are electronic and use sensors to continuously measure changes in stem
radius. They automatically record data, in real-time. These electronic versions provide more
precise and frequent measurements than traditional band dendrometers, making them useful for
capturing high-resolution growth data at various time scales (Steppe et al., 2015; Zweifel,
2016).

1.2.6.2.  Growth-ring analysis (Dendrochronology)

Tree ring analysis is one of the most traditional and widely used methods for assessing
secondary growth. Using tree cores or cross-sectional discs, researchers examine the width and
structure of growth rings to reconstruct a tree's growth history on an inter-annual scale. This
technique is particularly effective in temperate and boreal climates, where tree rings form
regularly due to distinct seasonal variations. However, it is increasingly being applied in tropical
regions as well (Groenendijk et al., 2014; Pompa-Garcia & Camarero, 2020). In tropical
regions, where trees often lack clear annual growth rings due to minimal seasonality, cambial
marking is widely used as a preliminary step before growth ring analysis. This technique aids
in the study of secondary growth in these challenging environments, which are more complex
to analyze compared to temperate forests. The cambial zone of trees is periodically wounded—
biweekly, monthly, or yearly—using a pin, and samples are collected from the same location at
a later date. This approach allows researchers to obtain wood samples with two precisely known
cambial positions, enabling them to analyze ring-boundary formation and accurately track the
timing of xylogenesis and its relationship to environmental factors (Seo et al., 2007; De Mil et
al., 2017).

1.2.6.3.  Direct cambium activity monitoring

This method, known as microcoring, involves removing small samples of cambial tissue at
regular intervals, typically every one to two weeks, to monitor cambial activity. By analyzing
fine sections of these wood samples, researchers can directly observe cambial cell production
and wood formation (xylogenesis). This approach provides detailed insights into the timing,
rate, and dynamics of secondary growth, allowing for a precise understanding of how trees
produce wood and respond to environmental conditions (Rossi, Anfodillo, et al., 2006; Rossi,
Deslauriers, et al., 2006).
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1.2.6.4. Isotope analysis

Isotope analysis is a valuable tool for studying secondary growth by examining the ratios of
stable isotopes, such as hydrogen (‘H/*H), carbon (*>C/"*C), oxygen (**0/**0) (Leavitt, 2010;
Huang et al., 2023) or nitrogen (**N/!°N) (Savard & Siegwolf, 2022), as well as radioactive
isotopes like carbon-14 (**C) (Hajdas et al., 2021), in tree rings. Stable isotopes provide detailed
insights into past environmental conditions and physiological processes within the tree, such as
water-use efficiency, stomatal conductance, and photosynthetic activity. Variations in isotope
ratios reflect changes in factors like temperature, precipitation, and atmospheric CO:
concentration, making stable isotope analysis an effective method for linking secondary growth
to historical climate patterns and tree responses to environmental stressors (Cernusak et al.,
2013; Giraldo et al., 2022). In contrast, radioactive isotopes, such as *C, are particularly useful
for dating tree rings through radiocarbon dating, offering precise chronological frameworks for
growth analysis. The “C "bomb pulse" from mid-20th-century nuclear testing provides a
distinct marker for dating tree growth within this period, which can be invaluable in
dendrochronology and ecological studies. Combining stable and radioactive isotope techniques
allows for a comprehensive understanding of both physiological responses and temporal
patterns in secondary growth (Quarta et al., 2005).

1.3. Secondary growth in the Congo basin
As detailed earlier, secondary growth refers to the increase in thickness of stems and roots in
woody plants, driven by the activity of the vascular cambium and cork cambium, with a greater
contribution from the vascular cambium. This process is essential for carbon sequestration, as
it enables trees to store more carbon in their expanding biomass (Evert, 2006; Campbell &
Reece, 2012; Crang et al., 2018).

Secondary growth is influenced by genetic and environmental factors such as temperature,
water availability, and seasonal changes. In many plants, it occurs primarily when conditions
are favorable (Catesson, 1994; Savidge, 1996; Fatichi et al., 2019). Conversely, trees archive
environmental information in their wood as they grow (Babst et al., 2014). Under unfavorable
conditions—such as prolonged dry seasons (Worbes, 1999), flooding in floodplain forests
(Schongart et al., 2002), or salinity fluctuations in mangrove forests (M. Q. Chowdhury et al.,
2008)—the cambium halts its activity, resuming only when conditions improve. This
interruption is marked by the formation of a growth ring in the wood (Brienen et al., 2016).

Many studies in tropical forests have challenged the long-standing belief that tropical tree
species do not form growth rings (Mariaux, 1967, 1969; Lopez et al., 2012). Increasing evidence
now shows that annual growth rings are present in a growing number of tropical tree species
(Worbes, 2002, 2011; Zuidema et al., 2012). Despite these significant advancements, the forests
of the Congo Basin remain underrepresented in studies focused on tree ring formation (Couralet
et al., 2013). It is particularly unclear how long the growing season lasts, whether there is a
dormancy period and when exactly cambial activity peaks (Borchert, 1999; Morel et al., 2015;
De Mil etal., 2017). This lack of representation is a major gap in our understanding, particularly
given the Congo Basin's ecological importance and the role its forests play in global carbon
storage and biodiversity. Expanding research on growth rings in this region could provide
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valuable insights into tree growth dynamics, forest age, and responses to environmental
changes, offering a more comprehensive understanding of tropical forest ecosystems.

1.4. The carbon cycle in Congo Basin
The Congo Basin, encompassing the world's second-largest tropical rainforest, plays a pivotal

role in the global carbon cycle, due to its vast forests, peatlands and aquatic system (Hastie et
al., 2021). Key metrics are essential for understanding the carbon dynamics of the Congo Basin.
The total amount of carbon dioxide (CO:) fixed by vegetation in an ecosystem through
photosynthesis is referred to as Gross Primary Production (GPP). A portion of this carbon is
respired by the plants themselves (autotrophic respiration Ra), with the remaining portion
defined as Net Primary Production (NPP). Finally, after accounting for heterotrophic respiration
(Rh), the net amount of carbon is termed Net Ecosystem Production (NEP) (Malhi et al., 2011).

NPP= GPP —Ra
NEP = NPP — Rh = GPP —Ra—Rh

While specific GPP values for the Congo Basin are not readily available, global GPP estimates
range from approximately 116.4 to 133.94 pentagrams of carbon per year (Pg C yr'), with
tropical forests contributing significantly to this total (S. Wang et al., 2024). For the Congo
Basin, terrestrial NPP has been estimated at approximately 5.8 Pg C yr', with a carbon stock
of around 50 Pg C in aboveground biomass and about 100 Pg C in the soil (Hastie et al., 2021).
Recent discoveries of extensive peatland systems in the Congo Basin revealed they contain an
estimated 30.6 Pg of carbon, equivalent to three years of global fossil fuel emissions (Dargie et
al., 2017) (Figure 1-7).
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Figure 1-7. The Congo Basin carbon cycle. Annual flux of Net Primary Production (NPP) and
carbon stocks in vegetation (Cyegetation) and in soil (Csoil), whith Ra, Rd, and Rh
autotrophic, heterotrophic, and vegetal debris respiration, respectively.

1.5. Objectives and conceptual framework

As previously mentioned, the Congo Basin plays a crucial role in global ecosystem services,
including the annual net uptake of atmospheric CO-, which directly contributes to mitigating
climate change. While this carbon sink has remained stable over recent decades (Hubau et al.,
2020), the underlying processes governing carbon sequestration by trees in the region remain
insufficiently understood. A clearer understanding is essential to predict how the Congo Basin
will respond to future climate change and its associated impacts. Key uncertainties include the
duration of the growing season, the existence of a dormancy period in the carbon storage
process, and the drivers of tree growth. This study aims to elucidate the mechanisms of
secondary growth in this ecologically vital and unique region. To achieve this, the research
addresses several interrelated questions, spanning multiple chapters:

— Is there a dormant period in the seasonal tree-growth cycle? (Chapters 2, 3, 4)

— Ifso, what is the timing and the length of both dormancy and growing season? (Chapters
2 and 4)

— How is the growth cycle influenced by climatic variables? (Chapters 2, 4)

— What anatomical marks does the growth cycle leave on the wood? (chapter 3)
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To answer these questions, we employed three distinct approaches, each of which forms the
foundation of the three key chapters of this thesis, except for the General introduction (Chapter
1) and Chapter 5 which synthesizes the main findings, and the General conclusion:

Y

2)

3)

4)

Direct measurement of stem radius change: This was achieved using automatic
dendrometers to track changes in radial axis of stems (Drew & Downes, 2009; Luse
Belanganayi, Angoboy Ilondea, et al., 2024) (Chapter 2). This chapter is published
under the reference:

Luse Belanganayi, B., [londea, B. A., Phaka, C. M., Laurent, F., Djiofack, B. Y., Kafuti,
C., Peters, R. L., Bourland, N., Beeckman, H., & De Mil, T. (2024). Diel and
annual rhythms of tropical stem size changes in the Mayombe forest, Congo

Basin. Frontiers in  Forests and Global Change, 7.
https://doi.org/10.3389/ffgc.2024.1185225

Analysis of wood formed between two exactly dated marks: We decoded information
from cross-sectional planes of wood between two time points, using an artificial wound
in the cambial zone as a reference (De Mil et al., 2017) (Chapter 3). This chapter is
published under the reference:

Luse Belanganayi, B., Delvaux, C., Kearsley, E., Lié¢vens, K., Rousseau, M., Mbungu
Phaka, C., Djiofack, B. Y., Laurent, F., Bourland, N., Hubau, W., De Mil,
T., & Beeckman, H. (2024). Growth periodicity in semi-deciduous tropical
tree species from the Congo Basin. Plant-Environment Interactions, 5(3),
e10144. https://doi.org/10.1002/pei3.10144

Analysis of the cambial zone in samples taken in short time intervals and examination
of the cambial state within a growing cycle: Thin sections of micro-cores were collected
and analyzed to study the cambial zone in greater detail (Rossi, Deslauriers, et al., 2006;
Noyer et al., 2023) (Chapter 4). This chapter is under review in Global Ecology and
Conservation under the reference:

Luse Belanganayi B., Mbungu Phaka C., Djiofack B. Y., Laurent F., Liévens K.,
Luambua N. K., Bolaya T., Bourland N., Hubau W., Beeckman H., & De
Mil T. (2024). Timing of Cambial Phenology of Rainforest Trees as
Indicator of Climate Sensitivity of the Congo Basin Biome (SSRN Scholarly
Paper No. 5076845). Social Science Research  Network.
https://doi.org/10.2139/ssrn.5076845

General synthesis on better understanding of secondary growth in the Congo Basin.
Chapter 5: Towards a better understanding of secondary growth in the Congo Basin,
synthesizes the main findings, emphasizing the connections between the different
approaches used in the study, and concludes. It also outlines the prospects for future
research and highlights potential avenues for further exploration.
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Chapter 1: General introduction

The three main chapters of this thesis (Chapters 2, 3, and 4) explore distinct methodological
approaches, yet all contribute to understanding a single phenomenon: secondary growth. Figure
1-8 illustrates the relationship between secondary growth and environmental conditions,
highlighting its dependence on plant metabolism, with photosynthesis as a key driver.
Additionally, the figure demonstrates how each chapter addresses specific research questions
related to this process.

I ? + Cambialdormancy (Chap. 2, 3, and 4).
v d ) + Timing of cambial dormancy/activity (Chap. 2, 3 and 4)
( ) Sun light *  Growth ring formation (Chap. 3 and 4).
<D Q> * Anatomical marks on the wood (Chap. 3).
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Figure 1-8. A conceptual model illustrating the interactions between trees and their
environment, highlighting the key processes governing energy utilization and carbon
sequestration, which ultimately drive stem growth. The figure also outlines how each
chapter contributes to addressing specific research questions related to the secondary
growth.

1.6. Specificity of this thesis
Recent advances in forest monitoring techniques, such as repeated forest inventories, flux tower

measurements (Baldocchi et al., 2001; Helbig et al., 2021), and terrestrial and aerial LIDAR
scanning (Orwig et al., 2018), have significantly improved our understanding of carbon
dynamics and tree growth patterns. However, each of these methods has limitations. While
repeated inventories track long-term biomass accumulation, they lack the temporal resolution
needed to capture intra-annual growth variations (Johnson et al., 2023). Flux towers provide
insights into net carbon fluxes at the ecosystem level but do not distinguish between the
contributions of different tree species or physiological processes (Ferster et al., 2015). LiDAR
scanning offers high-resolution structural data but does not capture cambial activity or the
mechanisms underlying secondary growth (Albert et al., 2019).

This study complements these approaches by providing fine-scale, high-temporal-resolution
data on secondary growth dynamics, addressing key uncertainties in growth periodicity,
dormancy, and climate sensitivity. By integrating detailed anatomical and dendrometric
measurements, this research helps bridge the gap between large-scale monitoring techniques
and the physiological mechanisms driving tree growth in the Congo Basin.
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The uniqueness of this study lies in its being the first to investigate secondary growth in the
Congo Basin using three distinct yet complementary methodological approaches
simultaneously. These approaches are applied across a temporal resolution that spans from daily
to annual scales, providing a comprehensive and multifaceted understanding of growth
dynamics.

1.7. Description of study sites and species

1.7.1. Study sites

The research conducted for this thesis was carried out in the semi-deciduous rainforests within
the Luki (33 000 ha) and Yangambi (235 000 ha) UNESCO Biosphere Reserves in the
Democratic Republic of Congo (Fig.1 — 9). The two sites, although located in different regions
of the Congo Basin, i.e. Luki in the West and Yangambi in Northeast, share many common tree
species. However, they are characterized by distinct climates: Luki has an Aw climate, while
Yangambi has an Af climate, according to the Koppen classification as updated by Kottek et al.
(2006).
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Figure 1-9. Location map of study sites in the Democratic Republic of Congo (indicated by
yellow dots), The Luki and Yangambi Man and Biosphere Reserves.

From 1981 to 2021, the average annual rainfall was 1,296 mm in Luki and 1,652 mm in
Yangambi, while the average annual temperatures were 25.0°C (ranging from 19.5°C to
27.9°C) and 25.4°C (ranging from 22.4°C to 29.9°C), respectively (based on data from
https://power.larc.nasa.gov/data-access-viewer/). In Luki, the dry season (period with monthly
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Chapter 1: General introduction

rainfall below 50 mm) extends from June to September, whereas in Yangambi, there is no
distinct dry season, although there is a reduction in rainfall to about 60 mm per month between
December and February (Fig. 1 — 10).
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Figure 1-10. Climatic diagram of the Luki (A) and Yangambi (B) Biosphere Reserves (1981—
2022). Monthly averages of precipitation (bars), average temperature (green), minimum
temperature (black), and maximum temperature (red).

The Luki Biosphere Reserve, part of the Mayombe forest and located 120 km from the Atlantic
coast, features a hilly landscape with elevations ranging from 150 to 500 meters (Monteiro,
1962). These conditions contribute to a distinctive climate characterized by high humidity
during the dry season. This is explained by the fact that during the year, the Benguela Current,
originating from the southern Atlantic, extends its influence into the Gulf of Guinea primarily
during the upwelling season, typically from June to September, which corresponds to the dry
season in Luki. This current creates a thick, low-level, non-precipitating cloud layer that reduces
solar radiation and lowers temperatures, providing conditions that are somewhat favorable for
tree growth during the dry season (Sénéchal et al., 1989; Lubini, 1997). The soil in Luki is
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heterogeneous but is generally characterized as ferrallitic, acidic, and chemically poor (Couralet
et al., 2013). The Reserve is traversed by a dense network of rivers and streams, which exhibit
seasonal variations in discharge (Couralet, 2010).

The forest of the Luki Biosphere Reserve is classified as a mesophilous semi-deciduous forest.
It occurs in a mosaic landscape, with patches of primary and secondary forests interspersed with
savannas, agricultural fields, and settlements (Lubini, 1997; Couralet, 2010). The families
Malvaceae, Fabaceae, Ebenaceae, Olacaceae, Rubiaceae, Annonaceae, Myristicaceae,
Meliaceae, and Sapotaceae exhibit the highest specific importance index values (Bienu et al.,
2023). The forest comprises a mix of evergreen and deciduous species in the upper canopy and
predominantly evergreen species in the understory. The most abundant tree species in the
canopy are Prioria balsamifera and Terminalia superba, while in the understory, Aidia
ochroleuca, Corynanthe paniculata, and Xylopia wilwerthii are the most prevalent (Couralet,
2010). The diameter distribution of trees is characterized by a predominance of small-diameter
individuals, while the vertical distribution is dominated by trees in the lower strata, typically
between 10 and 20 meters in height (Bienu et al., 2023).

The Yangambi Biosphere Reserve is located approximately 100 kilometers west of Kisangani,
in the lowlands of the central Congo Basin, with an average elevation of 459 meters above sea
level (Kearsley et al., 2024). The vegetation in this area is predominantly moist semi-deciduous
rainforest, interspersed with patches of moist evergreen rainforest, transitional forest,
agricultural fields, fallow land, and swamp forest. The most abundant species include
Scorodophloeus zenkeri, Staudtia kamerunensis, Petersianthus macrocarpus, Panda oleosa,
and Anonidium mannii (Kearsley et al., 2017).

1.7.2. Study tree species

This study approached the research sites as integrated ecosystems, functioning as cohesive units
rather than as a collection of individual species. While the selected species were among the
most abundant at their respective sites—based on previous documentation ((Kearsley et al.,
2017; Mokea et al., 2023) for Yangambi and (Lubini, 1997; Couralet, 2010; Bienu et al., 2023)
for Luki)—the selection of individual trees for each methodological approach was primarily
guided by their proximity. To minimize potential edaphic influences, we deliberately chose
trees within the same plot, ensuring a geographically homogeneous study area. Table 1-1
presents a general list of the species studied, while detailed information on tree locations is
provided in each chapter, with the most relevant details available in the appendices.
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Table 1-1. List of study species.

No Species Family Site Chapter

1 Anonidium mannii (Oliv.) Engl. & Diels Annonaceae Yangambi 4

2 Blighia welwitschii (Hiern) Radlk. Sapindaceae Luki & Yangambi 3

3 Carapa procera DC Meliaceae Luki & Yangambi 3

4 Celtis mildbraedii Engl. Cannabaceae Luki & Yangambi 2&3

5 Chrysophyllum africanum A. DC Sapotaceae Luki & Yangambi 3

6  Chrysophyllum lacourtianum De wild. Sapotaceae Yangambi 4

7 Cola bruneelii De Wild. Sterculiaceae Luki 2

8 Cola griseiflora De Wild. Malvaceae Luki & Yangambi 3

9 Combretum lokele Liben Combretaceae Yangambi 4
10 Corynanthe paniculata Welw. Rubiaceae Luki 2
11 Drypetes gossweileri S. Moore Putranjivaceae Yangambi 4
12 Erythrophleum suaveolens (Guill. & Perr.) Brenan Fabaceae Caesalpinioideae Luki & Yangambi 3
13 Funtumia elastica (P. Preuss) Stapf Apocynaceae Luki 2&4
14 Ganophyllum giganteum (A. Chev.) Hauman Sapindaceae Luki 2&4
15  Garcinia punctata Oliver Clusiaceae Luki & Yangambi 2
16 Greenwayodendron suaveolens (Engl. & Diels) Verdc Annonaceae Luki & Yangambi 2,3&4
17 Hylodendron gabunense Taub. Fabaceae Detarioideae Luki 2
18 Isolona dewevrei (De Wild. & T. Durand) Engl. & Diels Annonaceae Luki 2
19 Leplaea thompsonii (Sprague & Hutch.) E.J.M. Koenen & J.J.de Wilde Meliaceae Luki & Yangambi 3&4
20 Microdesmis puberula Hook.f. ex Planch. Pandaceae Luki 2
21 Ongokea gore (Hua) Pierre Olacaceae Luki 2&4
22 Panda oleosa Pierre Pandaceae Yangambi 4
23 Pentaclethra macrophylla Bentham Fabaceae Caesalpinioideae Luki & Yangambi 3
24 Petersianthus macrocarpus (P. Beauv.) Liben Lecythidaceae Luki & Yangambi 3&4
25 Prioria balsamifera (Vermoesen) Breteler Fabaceae Detarioideae Luki 4
26 Prioria oxyphylla (Harms) Breteler Fabaceae Detarioideae Luki & Yangambi 3
27 Pycnanthus angolensis (Welw.) Warb. Myristicaceae Luki & Yangambi 3
28 Scorodophloeus zenkeri Hams Fabaceae Detarioideae Yangambi 4
29  Staudtia kamerunensis Warb Myristicaceae Luki & Yangambi 3
30 Strombosiopsis tetrandra Engler Olacaceae Luki & Yangambi 3
31 Synsepalum subcordatum De Wild. Sapotaceae Yangambi 4
32 Terminalia superba Engl. & Diels Combretaceae Luki 2
33 Trichilia gilgiana Harms Meliaceae Luki & Yangambi 3
34 Trichilia prieuriana Juss Meliaceae Luki & Yangambi 3
35 Tridesmostemon omphalocarpoides Engl. Sapotaceae Yangambi 4
36 Trilepisium madagascariense DC Moraceae Luki & Yangambi 3&4
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Chapter 2: Diel and annual rhythms of tropical stem size
changes in the Mayombe forest, Congo Basin

Nkula Park, Luki reserve

This study was published under the reference:

Luse Belanganayi, B., llondea, B. A., Phaka, C. M., Laurent, F., Djiofack, B. Y., Kafuti, C.,
Peters, R. L., Bourland, N., Beeckman, H., & De Mil, T. (2024). Diel and annual
rhythms of tropical stem size changes in the Mayombe forest, Congo Basin.

Frontiers in Forests and Global Change, 7.
https://doi.org/10.3389/ffgc.2024.1185225
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Abstract
Introduction: The Congo Basin forests, a crucial global carbon sink, are expected to face
increased challenges of climate change by 2027, with an expected temperature rise of 1.5°C
above pre-industrial levels, accompanied by increased humidity conditions. However, studies
that try to understand their functioning and untangle the species-specific responses about how
weather conditions impact secondary growth dynamics are still rare.

Methods: Here we present the results of a study on diel and seasonal stem growth in 17 trees,
belonging to 11 most abundant species, both canopy and understory, in the Mayombe forest
(Congo Basin) in the Democratic Republic of the Congo (DRC). We measured highly-resolved
radial stem size variations and weather conditions, to comprehend the ongoing patterns of
secondary growth and examine the potential influence of projected weather conditions on them.

Results: We found that at the diel scale, trees probably grow mainly from 6pm to 9am, and that
at the annual scale, they grow mainly during the rainy season, from October to May. Some trees
grow year-round, while others stop growing for a period ranging from 1 to 4 months. This
growth cessation typically occurs during the dry season from June to September. A linear
mixed-effects model revealed that annual radial stem growth is positively related to rainfall.

Discussion: Our results suggest that trees in the study site have a significant potential to cope
with the projected 1.5°C increase in global temperature and an additional 50 mm of local
rainfall. Trees of the species 7. superba exhibited improved growth under the projected
scenarios, showing continuous year-round growth. For the other tree species, no significant
difference in growth was observed between the predicted and observed scenarios. We believe
that much remains to be done to better understand the tree growth-climate interaction of the
large variety of tree species in the Congo Basin.

Keywords: high-resolution dendrometer, shrinkage-swelling pattern, stem growth rate,
secondary growth, Central Africa forests, tropical forests.

2.1. Introduction
Tropical forests host over half of world species richness (Lewis et al., 2015) and contain 55 %
of the global terrestrial carbon (Pan et al., 2011). They are particularly rich in other facets of
biodiversity, including various patterns of wood anatomy, phenology and tree-growth
periodicity (Lowman & Moffett, 1993; Beeckman, 2016; Hubau et al., 2019, 2020). Recent
studies have shown that climate change is causing notable shifts in tropical forest ecosystems.
Specifically, there is an increase in deciduous canopy species with intermediate light demand
and a concurrent decline in evergreen sub-canopy and shade-tolerant species (Fauset et al.,
2012). Moreover, higher temperatures (Sullivan et al., 2020), higher Vapor Pressure Deficit
(VPD) (Grossiord et al., 2020) and precipitation disturbances, corresponding to dry areas
becoming drier and wet areas becoming wetter (Trenberth, 2011), are expected in tropical
regions. This would result to a reduction in their carbon storage capacity and possible vegetation
dieback (Holm et al., 2017; Hubau et al., 2020). A recent pan-tropical study clarifies that stem
growth variability positively responds to rainfall, and that stem growth of tropical trees is
reduced (i.e., smaller ring width) in years when the dry season is warmer and drier than normal
(Zuidema et al., 2022). This provides further evidence that the global warmer condition might
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induce a decline in annual growth (Locosselli et al., 2020, Artaxo et al., 2022). Studying the
impact of changing environmental conditions on tree growth and its variability is critical for
improving our predictions on the dynamics of forest productivity and their impact on the global
carbon cycle (Bonan, 2008; Friedlingstein et al., 2019). It is therefore absolutely necessary to
focus current research on understanding their growth dynamics and how they respond to current
climate change, and even predict their future responses (Cavaleri et al., 2015; (Albert et al.,
2019)).

As inherently self-scaling, tree secondary growth is a widely used proxy for whole tree growth
(Bowman et al., 2013). Analyzing secondary growth provides us with the opportunity to
understand the direct constraints of environmental variables on tree growth (Friend et al., 2019).
To assess tree growth in a detailed way, four approaches exist depending on the timescale:, 1)
Weekly/biweekly: regular analysis of the cambial zone trough periodic sampling (Rossi et al.,
2006a, 2006b), 2) Monthly: decoding periodic information in wood due to the rhythmic
anatomical marks by the means of artificial wounding of the cambial zone (Seo et al., 2007; De
Mil et al., 2017), 3) Inter-annual: dendrochronology and radiocarbon dating (Groenendijk et al.,
2014; Pompa-Garcia & Camarero, 2020; Giraldo et al., 2023), 4) all timescales: direct
measurement of changes in girth or in stem radial axis using automatic dendrometers (Drew
and Downes, 2009; Deslauriers et al., 2011; Steppe et al., 2015).

The Congo Basin forests constitute the second largest continuous area of tropical rainforest in
the world, however, they are still underrepresented in studies of species-specific tree growth
performance and resilience in the context of global climate change (Couralet et al., 2013). The
studies conducted are more focused on wood anatomy (Couralet et al., 2010; Tarelkin et al.,
2016, 2019), leaf phenology (Gond et al., 2013; Fétéké et al., 2017; Angoboy Ilondea et al.,
2021), and forest dynamics (Morin-Rivat et al., 2017; Forni et al., 2019; R¢jou-Méchain et al.,
2021). Often, these studies are based on low-frequency measurements from permanent plots.
Very few studies have looked at cambial phenology and radial growth at a high temporal
resolution (De Mil et al., 2017, 2019). However, cambial activity and xylem enlargement occur
on a short time scale (Deslauriers et al., 2008). As result, it is still particularly unclear how long
the growing season lasts in Congo basin, and whether there is a dormancy period in carbon
storage processes.

Due to various physiological processes in trees, such as sap flow and turgor pressure variation
in relation to their hydraulic status, tree stems continuously (i.e. daily) fluctuate between
shrinking and swelling (Peters et al., 2021), providing insights on water use and hydric stress
as the response of sub-daily environmental conditions (Drew & Downes 2009; Hermann et al.,
2016). Despite the use of high temporal resolution dendrometers for several decades (Klepper
et al. 1971) to measure stem diameter changes on time scales ranging from minutes to years, it
has not been easy to completely separate irreversible stem radial growth from elastic tension-
driven and elastic osmotically driven changes in bark water content, on a diel scale, although
several approaches have been proposed (Deslauriers et al., 2011; Chan et al, 2016; Zweifel,
2016; Zweifel et al., 2016). Two approaches have provided important insights into this subject.
First there is the zero growth (ZG) concept (Zweifel et al. 2016), which is based on high-
resolution dendrometer measurements, taken on bark only. That approach assumes that growth
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starts when the stem radius exceeds the previous maxima and ends when the stem starts to
shrink again (Zweifel et al., 2021). Secondly, there is the Mencuccini approach (Mencuccini et
al., 2017), more precise, which is based on the simultaneous use of high-resolution point
dendrometer measurements, taken from both xylem and bark, sap flow measurements and
theoretical and statistical models. Despite the higher precision of their approach, Mencuccini et
al (2017) recognize that although not identical, their approach and that of Zweifel et al (2016)
can, under certain conditions, provide similar answers to the question of growth isolation. Thus,
the use of ZG theory seems to be the best approximation for isolating growth on a diel basis,
when only dendrometer measurements from the bark are available.

According to a new update issued by the World Meteorological Organization (WMO), global
near-surface temperatures are very likely to exceed pre-industrial levels by 1.5°C for at least
one year between 2023 and 2027 and wetter-than-usual conditions in much of Asia and Central
Africa (WMO, 2023). The main objective of this study was to gain insights into the existing
dynamics of secondary growth, enabling an understanding of the potential influence of weather
conditions, particularly under projected scenarios. Assuming we reach the 1.5°C level in the
study area and that the precipitation will increase by 2027, we sought to assess how tree growth
could be modified with such projected climate changes. We therefore examined: (1) the
swelling-shrinking process on a diel basis; (2) the current pattern of annual stem growth; (3)
how will weather conditions impact secondary growth dynamics during the phenological year,
under projected conditions?

Here we present the results of the first study of diel and annual stem changes in 17 trees,
belonging to 11 most abundant species (both canopy and understory, and evergreen and
deciduous) of the Mayombe forest (Congo Basin), based on high-resolved continuous
measurements of radial stem variations and weather conditions.

2.2. Materials and methods

2.2.1. Study site
The study was conducted in Nkula Park, situated in the Luki Man and the Biosphere reserve
(MAB), which is part of the Mayombe forest in the Congo Basin. The Luki MAB reserve is in
the province of Kongo Central at the southwestern part of the Democratic Republic of the
Congo (DRC), within latitudes 05°35'S and 05°43'S, and longitudes 13°07'E and 13°15'E (Fig.
2 —1). It is classified as a tropical semi-evergreen forest of the Guineo-Congolian rainforest
domain. It consists of a mixture of evergreen and deciduous species in the upper-stratum and
mostly evergreen species in the understory. Its hilly landscape, with altitude ranged from 150
to 500 m above sea level (Monteiro, 1962), consists of moist green valleys and drier tops
(Lubini, 1997). The soil is heterogeneous but has been described as generally ferrallitic, acid
and chemically poor (Couralet et al., 2013). Climatic data available from Luki Weather Station
(5°38'N, 13°7'E) from 1981 to 2021 shows annual averages of temperature and rainfall
estimated at 25°C+1.14 and 12984353 mm respectively. The rainfall regime is marked by a
distinct dry period of less than 50 mm of monthly rainfall, from May to September. The average
minimum and maximum annual temperatures are 19.5°C and 27.9°C respectively (Fig. 2 — 1).
The amplitude of the average daily temperature varies monthly from 6.3 °C to 11.8 °C. It tends
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to be lower in wetter months and higher in drier months. However, its variation is more marked
during rainy months than during relatively dry months. The Nkula park which is located at
13°04'00"E and -5°38'59"S, is a protected long-term tree monitoring park (since 1948 until
present) where the trees are being monitored for tree growth and phenology (Hubau et al. 2019).
A Recent study reveals a total of 218 woody species grouped into 41 families in the Luki MAB
reserve. The average tree density is estimated at 433 + 13 trees per hectare. The families
Malvaceae, Fabaceae, Ebenaceae, Olacaceae, Rubiaceae, Annonaceae, Myristicaceae,
Meliaceae and Sapotaceae have the highest specific importance index values. The diametrical
tree distribution is characterized by a predominance of small-diameter trees, and the vertical
tree distribution by a predominance of trees in lower strata, between 10 and 20 meters high.
These structural features testify to the good natural regeneration capacity of these forests (Bienu
et al., 2023).
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Figure 2-1. Location of study trees in the Nkula park, and a photo of a part of the Luki Man and
the Biosphere Reserve, showing the hilly landscape. (B) Walter-Lieth Climate Diagram of the
Luki Man and the Biosphere reserve from 1981 to 2021. The blue line indicates rainfall curve,
the red line indicates the temperature curve, the dry season is shown in dashed red. The blue
stripes indicate the humid period, and the blue area shows the wet period. Temperatures in black
(19.5°C and 27.9°C), on the left axis, represent the average minimum temperature of the coldest
month and the average maximum temperature of the warmest month, respectively. The annual
average temperature and annual rainfall are shown in the upper right corner of the diagram.

2.2.2. Monitoring set-up and measurements
Seventeen healthy trees of eleven species, among the most represented, in the Nkula park forest,
without apparent stem deformations or morphological anomalies, and within a dbh range of 11—
83 cm, were selected and equipped with a point dendrometer (model DR1, Ecomatik, Munich,
resolution 0.2pum, accuracy +0.1% of reading) at approximately breast height (1.3 m above the
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ground). Data from 4 trees (Terminalia superba) were taken from a previous study (De Mil et
al., 2019) and dendrometers were installed above the buttresses, at 4-5m height, approximately
30 cm above the buttresses (Rondeux, 1999). Tree heights were measured with a Nikon Forestry
pro. Metadata of the monitored trees are given in table 2 — 1.

Measurement of stem-radius daily changes were performed during the phenological years 2013-
2014,2014-2015,2018-2019, and 2021-2022, at the resolution of 30 minutes. We evaluated the
growth for the period from October 1 (previous year) to September 30 (current year), which we
consider to be the beginning and end of the phenological year, respectively. In the following,
we will use the terms "year" or "phenological year" indistinctly when referring to this period.
And the term "annual" will always refer to the phenological year. We counted the days in days
of the phenological year (DOPhY).

Table 2-1. Characteristics of 17 trees monitored in Nkula Park.

e Season of monitoring  Species Family d:l;g;: d Leaf phenology H(e:f)h t dbh (cm)
2013-2014 and 2014- L .
1 2015 Terminalia superba Engl. & Diels Combretaceae H D 45 9
2013-2014 and 2014- - .
2 2015 Terminalia superba Engl. & Diels Combretaceae H D 35 47
2013-2014 and 2014- Lo .
3 2015 Terminalia superba Engl. & Diels Combretaceae H D 31 33
2013-2014 and 2014- o .
4 2015 Terminalia superba Engl. & Diels Combretaceae H D 19 65
5 2018-2019 Celtis mildbraedii Engl. Cannabaceae ST E 30 42.8
6 2018-2019 Cola bruneelii De Wild. Malvaceae ST E 13 16.7
7 2018-2019 Corynanthe paniculata Welw. Rubiaceae ST E 20 23.6
8 2018-2019 Funtumia elastica (Preuss) Stapf Apocynaceae H E 24 36.4
9 2018-2019 Ganophyllum giganteum (A.Chev.) Hauman  Sapindaceae H E 23 52.1
Greenwayodendron suaveolens (Engl. &
10 2018-2019 Diels) Verde. Annonaceae ST E 26 35.1
Legum.
11 2018-2019 Hylodendron gabunense Taub. Detarioideac ST D 29 46.2
Isolona dewevrei (De Wild. & T.Durand)
12 2018-2019 Engl. & Diels Annonaceae ST E 6 13.9
13 2018-2019 Microdesmis puberula Hook.f. ex Planch. Pandaceae ST E 4.5 11
14 2018-2019 Ongokea gore Pierre Lacaceae H E 28 40.1
15 2021-2022 Funtumia elastica (Preuss) Stapf Apocynaceae H E 25 28.5
16 2021-2022 Funtumia elastica (Preuss) Stapf Apocynaceae H E 17 11.4
17 2021-2022 Funtumia elastica (Preuss) Stapf Apocynaceae H E 24 23.7

Information on light demand and leaf phenology is taken from (Lubini, 1997). Light demand: H = heliophilous,
ST = shade-tolerant; Leaf habit: D = deciduous, E = evergreen.

During the study period, direct monitoring of air temperature and relative humidity (RH) was
performed with a HOBO U23-001 Pro v2 data logger (ONSET, USA), resolution of 30 min,
placed at 1.5 m height, under the canopy, in the INERA (Institut National pour I’Etude et la
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Recherche Agronomiques) weather station site, less than 500m from the tree’s location. Rainfall
data were obtained from https://power.larc.nasa.gov/data-access-viewer/.
The VPD (in kPa) was calculated from the temperature T (in °C) and RH (in %) according to

T
this formula: VPD = (0.61078 * e(—T+237.3*”-2694)) *(1— %) (Dai et al., 1992; Day, 2000;
Grossiord et al., 2020).

2.2.3. Data analysis and statistical methods

All basic analyses and plots were performed using R studio statistical software (RSudio Team,
2022), although we occasionally used XLSTAT (trial version) and ‘Past 4.11° (Hammer et al.,
2001) to perform some complementary analyses. The package treenetproc (Kniisel et al., 2021),
in R studio 4.2.1 (RStudio Team, 2022), was used to clean data of outliers, offsets and
erroneous jumps, process and display highly resolved time series of dendrometer data. Based
on the ZG theory, the package offers functions to extract the day of the year of the onset and
the end of the growing season as well as several characteristics of shrinkage and swelling
phases.

To describe the diel characteristics of tree stem shrinkage and swelling, we first calculated an
hourly increment rate based on the principle of ZG (Zweifel et al., 2016) as in previous studies
(Hogan et al., 2019; Etzold et al., 2022; Kaewmano et al., 2022). According to this principle,
cumulative growth increases during periods when the stem radius surpasses its previous
maximum. During the remaining time, the stems either shrink or expand below this maximum,
with the deviation from the maximum referred to as tree water deficit (TWD). Alternatively,
the stem radius may exactly meet its previous maximum (Zweifel et al., 2021). TWD values
can also be interpreted as temporal shrinkage rates, based on the considered timescale.

The raw recordings from the dendrometer corresponded to the variation in stem radius, in um,
every thirty minutes. Using the R package treenetproc, we compiled them over regular 60-
minute time intervals, then relativized them so that the initial record, corresponding to time t0,
was equal to zero. To achieve this, the initial value was subtracted from all records.

On this new data set, if the initial value Xo, is not exceeded, it is considered to be the value for
all subsequent hours. At these hours, the hourly increment rate is zero. Once the dendrometer
registers a value xa, in a given hour ha, such that x, > xo, we consider that a radius variation has
occurred equal to Xa - Xo, corresponding to the increment rate of that hour a. Again, as long as
the xa value is not exceeded, all subsequent hours are considered to have an hourly increment
rate equal to zero. The hour hb, whose record xb is such that x, >Xa, will be associated with a
rate of increase Xp-Xa, and so on. In this way, we were able to obtain hourly increment rates over
a full phenological year for each tree. The different values Xo, Xa, Xb, €tc., which are such that xo
< Xa < X, are defined as swelling peaks (Fig. 2 — 2).
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Figure 2-2. The stem radius variation, divided into three distinct phases of shrinkage (brown
dots), swelling (orange and green dots) and stem radius growth (green dots). All
points represent dendrometer recordings in pum/h.

The increment rate calculated in this way corresponds to the growth rate (GR), in um, as defined
by Zweifel et al. (2021). However, we do not consider that irreversible stem growth occurs
undoubtedly at the times when these rates are reached by the stems. We therefore considered
the increment rate to be the difference between the highest swelling peak (in um), reached at
the time under consideration, and the previous swelling peak. This is because, at small time
scales, such as sub-diurnal and diurnal, it is difficult to separate, from dendrometer over-bark
measurements, irreversible growth from swellings due to the water dynamic in the bark
(Mencuccini et al., 2017). On the other hand, convinced that the biweekly scale was sufficient
to detect irreversible stem growth (D’Orangeville et al., 2022), we calculated biweekly GR
based on the ZG principle. The data gathered was then used as a basis for analyzing the response
of trees to biweekly environmental variables (mean temperature, mean RH, and sum of rainfall)
on an annual scale.

To examine how the radial variation dynamics of tree stems change throughout the day, we
analyzed the hourly increment rates of each tree individual plotted against the hours of the day
(Fig. 2 — 3). The data were then organized into boxplots to illustrate the distribution (Fig. 2 —
3A) and further averaged to show the overall trend for each tree (Fig. 2 — 3B). The relative
hourly shrinkage rate, quantified as the contribution of the average hourly TWD to the total
annual TWD, was examined, using the Gaussian RBF kernel model, within the measured space
of VPD and diel time for each tree species separately during the rainy season (Fig. 2 — 3C) and
the dry season (Fig. 2 — 3D).
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To evaluate the potential differences in diurnal and nocturnal levels of environmental variables
and their probable influence on the distribution of hourly increment rates during daytime and
nighttime periods, we conducted a two-way analysis of variance (two-way ANOVA). This
analysis was applied separately to temperature, vapor pressure deficit (VPD), and relative
humidity (RH), each categorized into two groups: one comprising data recorded during daytime
hours (6 a.m. to 5 p.m.) and the other encompassing data recorded during nighttime hours (6
p.m. to 5 a.m.). Daytime was defined as the period corresponding to the light phase of the day,
whereas nighttime referred to the dark phase of the day. Classical clustering was used to
compare the onset and end time of growing period, as well as the duration of growth, between
different individuals.

To conduct a comparative analysis of diel radial increment rates (Inc rate) between days
characterized by minimal shrinkage and days with more pronounced shrinkage, a linear mixed-
effects model (Imer) was fitted using the R package 'Ime4' (Bates et al., 2024). The model
incorporated DOPhY and VPD group as fixed effects, while considering tree individual
(Tree_ind) as a random effect. The model was formulated as follows:

Incr_rate ~ DOPhY * VPD group + (1|Tree_ind).
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Figure 2-3. Diel stem change of 17 tropical trees belonging to 11 species. The dataset, shown
in figure, consists of hourly increment rates, quantified as the radial increase in um
per hour according to the ZG principle. (A) Boxplots display the median (horizontal
line inside the box), 25th and 75th percentiles (horizontal bases of the box) of the
pooled data for all tree individuals. The vertical lines attached to the box represent
the minimum and maximum values, the red dot represents mean values, and black
dots indicate outliers. (B) The lines show the average hourly increment rates for each
tree species. (C) and (D) Diel shrinkage rate in relation to VPD and time for all trees
individual. The dataset consists of the relative contribution of hourly TWD to the
total annual TWD, representing the average hourly shrinkage rate in the rainy season
(C) and the dry season (D). It is colored-coded and ranges from green (low
shrinkage), through orange (moderate shrinkage) to red (high shrinkage). The black
line indicates the average VPD for hours with shrinkage.

VPD was categorized into two groups: low VPD (<0.7 kPa) and high VPD (=0.7 kPa). The
threshold for defining VPD as low, set at less than 0.7 kPa, was derived from the outcomes of
the Gaussian RBF model implemented in this study. This model, which correlated biweekly
growth rates with VPD and rainfall, revealed that biweekly growth rates were maximized when
VPD values were below 0.7 kPa (Fig. S2 — 1, and table S2 - 1 in appendices).
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To assess the variation of GR of individual trees throughout the year, as dependent to their
inherent traits and environmental conditions, we fitted a ‘Imer’ using the R ‘Ime4’ package. The
species and the environmental variables rainfall, RH, temperature, and their derivative VPD
were evaluated as fixed effects. The individual tree and the individual tree nested in species
were evaluated as random effect, depending on the model structure. The full models evaluated
were as follows:

1) GR~Temp*Prec + Temp*RH + Tree + (1|Species)
2) GR~Temp*Prec + RH + Tree + (1|Species)

3) GR ~ Temp*Prec + Tree + (1|Species)

4) GR ~ Temp*Prec + Tree + (1|Tree/Species)

5) GR ~ VPD*Prec + Tree + (1|Tree/Species)

6) GR ~ Temp*RH + Tree + (1|Tree/Species)

The best model fit was selected by comparing Akaike Information Criterion (AIC; Burnham &
Anderson, 2002). Using the “predict” function of the ‘Ime4’ package, we examined two possible
scenarios of the best model: 1) Temperature increase of 1.5°C and biweekly rainfall increase of
25 mm. 2) Temperature increase of 1.5°C and biweekly rainfall increase of 50 mm. We
considered a limit of a 50 mm increase in rainfall over each fortnight (two weeks), as this
roughly coincides with a doubling of annual rainfall in the study area. This is a worst-case
projection that we imagine occurring in the short term based on WMO forecasts.

Subsequently, we performed a two-way ANOV A test to compare GRs, with Scenario (projected
vs. observed) and Species as the two fixed variables.

We used the Gaussian Radial Basis Function (RBF) (Shi and Choi, 2011) of the R package
Plotly (Sievert et al., 2024), to plot GR in the measured space of environmental variables.
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Figure 2-4. Annual stem radial growth dynamics. (A) Cumulative annual growth. The data set
consists of cumulative diel increment rates, quantified as the diel contribution to the
total annual growth (in percent). Each curve represents a given tree individual or
averaged data for F. elastica and T. superba, which data spans multiple years. The time
is in days of the phenological year (DOPhY), with the first day of the phenological year
on October 1 and the last day on September 30. The two vertical dashed lines represent
the theoretical beginning and end of the dry season, respectively, on May 15 and
September 15. (B and C) Annual variation of monthly growth rate of study species
trees. (B) The lines show the median monthly growth rate for each species, quantified
as the radial increase in micrometers per month. (C) Boxplots show the median monthly
growth rate (horizontal line inside the box), 25 and 75 percentiles (horizontal bases of
the box) of the pooled data for all tree individuals. Red dots represent mean values,
while black dots are outliers.

2.3. Results

2.3.1. General pattern of stem change
On a diel basis, the majority of trees begin to increase their increment rate from 6 pm, as soon
as sunset. Increment rates peak between 6 and 9a.m, then decline sharply until 12 p.m. and
remain near zero during the day and afternoon. This is the time of day when the most significant
shrinkage occurs. (Fig. 2 — 3).
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Annual variability in stem radius is, in general, characterized by rapid growth in the rainy season
(which theoretically extends from September 15 to May 15), a sharp decrease in growth for
some trees, and a complete cessation of growth for others, during the dry season (Fig. 2 — 4A).
We therefore noticed that the majority of trees (fourteen trees) ceased to grow during the dry
season, while F. elastica, G. giganteum and G. suaveolens trees remained active throughout the
phenological year (Fig. 2 — 4A and 2 — 4B). Mainly, growth begins in October and then
fluctuates between October and April, depending on the phenological year and the tree species
(Figs. 4A). From April to June, there is a decline, then from June to September, the majority of
trees exhibit limited growth, those that do not experience growth cessation showing reduced
growth rates (Fig. 2 — 4B). The growth cessation was generally longer and clearer in trees of
deciduous species than in those of evergreen species. It means that deciduous species (7.
superba and H. gabunense) tended to stop growing completely during the dry season and
resume growth when the rains return, while evergreen species tended to have only a brief
interruption or slowing of radial growth during the dry season (Figs. 2 — 4A and 2 — 4B). The
timing of growth onset and cessation, as well as the duration of the stem growth period are
compared in Fig. S2 — 2, in appendices.

Understory trees grew slower than dominant statue trees: tree height showed a fairly strong
significantly positive correlation (Adjusted R2 = 0.43) with annual growth (Fig. S2 — 3, in
appendices). In particular, the M. puberula tree is too slow growing, with seasonal growth
approaching zero (31.24 um/year). This tree also has an atypical and short growing period of
33 days. Small-diameter trees have a lower annual growth than large-diameter trees. Indeed,
tree diameter showed a moderate significant positive correlation (Ajusted R2 = 0.17) with
annual growth (Fig. S2 — 4, in appendices).
2.3.2. Stem changes in relation with environmental variables

On a diel basis, stem increment rates were highest at times when VPD was lowest (low
temperature and high RH), i.e., from 6pm to 9am. The two-way ANOVA conducted to evaluate
potential disparities between diurnal and nocturnal levels of environmental variables revealed
statistically significant differences in Temperature, VPD, and RH values across all phenological
years. During the nighttime, VPD and temperatures exhibited lower values compared to the
daytime, whereas RH displayed higher values during the nighttime than during the daytime
(Fig. S2—5). When the VPD and temperature starts to get low (at 6pm), trees begin to maximize
their radial growth rate, peaking between 6 and 9 am. At around 9 a.m., when the VPD and
temperature starts to rise, the increment rate begins to decrease and remains near zero
throughout the morning and the afternoon (Figs. 2 — 3A and 2 — 3B).

VPD tends to be higher during the day than at night, regardless of the time of year. However, it
has been observed that VPD values are generally higher during the dry season than during the
rainy season (black curve in Fig. 2 —3C and 2 — 3D). The Gaussian RBF kernel model showed
that VPD accounts for 23% of diel shrinkage in the dry season and 39% in the rainy season.
During the rainy season, periods of low shrinkage (colored areas ranging from green to pale
orange, Fig. 2 — 3C) tend to occur for VPD values from 0.2 to 0.7 kPa, with these values most
frequently recorded between 9 p.m. and 5 a.m. This suggests that growth tends to predominantly
occur during these hours. Conversely, during the dry season, periods of low shrinkage (colored
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areas ranging from green to pale orange, Fig. 2 — 3D) occur at higher VPD values, from 0.8 to
1.4 kPa, most often recorded between 8 p.m. and 7 a.m. This implies that growth transpires
within a longer time frame compared to the rainy season.

The Imer fitted to analyze daily radial increment rates with DOPhY and VPD, and to compare
days characterized by minimal shrinkage and days with more pronounced shrinkage, exhibited
a weak explanatory capacity (conditional R? = 0.02). Within this model, the following
observations were noted: The effect of DOPhY was statistically significant and negative (beta
=-7.55e-04, 95% CI [-1.13e-03, -3.78e-04], t (7659) = -3.92, p <.001; Std. beta =-0.07, 95% CI [-0.11,
-0.04]). The effect of VPD group [Low VPD] was statistically significant and positive (beta =
0.19, 95% CI [0.08, 0.31], t (7659) = 3.23, p <.001; Std. beta = 0.06, 95% CI [0.09, 0.19]). The
interaction effect of DOPhY and VPD, when VPD group was “Low VPD”, was statistically
significant and negative (beta = -9.82e-03, 95% CI [-0.02, -1.13e-03], t (7659) = -2.22, p =
0.027; Std. beta =-0.06, 95% CI [3.03e-03, 0.11]).

The total explanatory power of the model, indicated by the conditional R? (0.02), suggests that
the model explains about 2% of the variance in the radial increment rate when considering both
fixed and random effect, which is low. The standardized beta coefficient for DOPhY indicates
a moderate effect on the diel radial increment rate, but insinuating that as the phenological
season progresses, the diel radial increment rate decreases. The standardized beta coefficient
for VPD group indicates that during periods characterized by low VPD, the radial increment
rate is estimated to increase by 0.19%. The interaction between DOPhY and VPD group
indicates that the influence of VPD on radial growth rate varies throughout the phenological
year. During the initial phase, characterized by low VPD, i.e. rainy season days, there is an
increase in growth rates. However, in the subsequent phase, characterized by high VPD, i.e. as
dry season days, growth rates tend to decrease.

On an annual basis, the start of growth does not coincide with the return of the rain, which
occurs in the second half of September. Instead, it shifts towards October. Similarly, the end of
growth does not occur immediately at the beginning of the dry season, in May. Instead, it occurs
around June (Fig. 2 — 4). The temperature curve has the same tendency as the rainfall curve
(Fig. 2 — 1B). Thus, growth cessation or slowdown occurs during the coldest period of the year.
These observations are discussed in detail in the paragraphs that follow.

2.3.3. Modeling tree's responses to the environmental variables change
The Imer to predict GR variation throughout the year including the variables temperature,
rainfall, RH, and tree as fixed effects and the variable species as random effect, produced the
best fit formulated as follows:
GR ~ Temp*Prec + Temp*RH + Tree + (1|Species)
The model's total explanatory power was substantial (conditional R? = 0.32) and the part related
to the fixed effects alone (marginal R?) was 0.31. A significant positive effect of rainfall (beta
=12.78, 95% CI [5.47, 20.09], t (543) = 3.44, p < .001; Std. beta = 0.21,
95% CI [0.08, 0.33]) was found. The interaction between temperature and rainfall was
significant and negative (beta =-0.51, 95% CI [-0.81, -0.21], t (543) = -3.37, p <.001; Std.
beta = -0.24, 95% CI [-0.37, -0.10]).
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Temperature and RH showed a non-significant negative effect, while their interaction was non-
significant and positive. The effects of different trees varied considerably, emphasizing
differences in their growth patterns. Similarly, the random effects for the variable species
indicated that the model accounted for variation among tree species.

The results of two-way ANOVA (see appendices) comparing the effects of different
temperature-increase scenarios on GR suggest that both tree and scenario variables, along with
their interaction, have a statically significant overall effect on GR (p < 0.05), without
considering species separately. This assumes that the effect of scenario on GR varies across
trees. Pairwise comparisons conducted using the emmeans test after the ANOVA, which
provide a better understanding of the specific differences between the effects of the scenarios
on each tree, reveal that trees of the 7. superba species would be significantly sensitive to the
scenarios predicting a temperature increase of 1.5°C associated with an increase in rainfall. This
sensitivity appears as a stabilization throughout the year of the biweekly GR around a value of
197 um with a standard deviation of 60 um (Fig. S2 — 6, in appendices). This would imply
continuous growth throughout the year. No statistically significant disparity was observed
between the effects of the two predicted scenarios and the observed scenario for the rest of the
trees in the database.

In the Gaussian RBF model, fitting the observed annual growth pattern, the highest biweekly-
resolved annual growth was generally observed at a mean temperature of 21.9 to 25.5°C coupled
with rainfall of 80 to 160 mm, corresponding to the greenish to yellow zone in figure 2 — 5.
Minimal growth (pale purple to dark areas) is observed in rainfall ranges below 60mm coupled
with temperatures below 23°C, and in a few isolated areas corresponding to temperatures above
25°C and rainfall above 80mm. The rest of the temperature-rainfall space is occupied by
intermediate GR.
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Figure 2-5. Biweekly-resolved, radial annual GR in the measured space of temperature and
rainfall across all individual trees. GR was quantified as the relative annual

contribution to the total annual growth for each tree and ranged from dark purple
(no growth, 0%), over yellow (marginal growth, > 8%).
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2.4. Discussion

2.4.1. Diel patterns of stem radial growth
We found that trees begin to maximize their increment rate from 6pm (Fig. 2 — 3A), that is to
say from sunset, with individual-specific increment rate peaks between 6am and 12am (Figs. 2
— 3B). This period of the day corresponds to the time when trees are assumed to be better
supplied with water and therefore likely to provide the best conditions for exceeding the turgor
threshold for cell division and expansion (Taiz and Zeiger, 2010; Steppe et al., 2015; Cabon et
al., 2020, Zweifel et al., 2021). We are therefore convinced that it is in this time interval that
trees grow preferentially on a diel scale. But given the nature of our data, we cannot say with
certainty that all the increment rate peaks we observed corresponded to reversible stem growth.

Photosynthesis is the starting point for tree growth. Its primary phase, which requires light,
occurs during the daytime. Chlorophyll, the green pigment in leaves, absorbs light energy and
converts carbon dioxide from the air and water from the soil into glucose and oxygen. During
cellular respiration, the glucose produced during the day is oxidized and broken down into water
and carbon dioxide, releasing energy that is used for growth and other cellular functions (J. W.
Hart, 2012).

While trees respire continuously, both day and night, the respiration process is more noticeable
and can appear to be higher at night. During the daylight period, the oxygen produced by
photosynthesis can mask the respiration process because it is being released as a byproduct. At
night, the production of glucose and oxygen ceases because there is no light to drive
photosynthesis. As a result, respiration becomes the primary metabolic activity and is more
pronounced. Trees still require energy for maintenance and growth, which comes from breaking
down the glucose produced during the day. This is why growth occurs mainly during nighttime
(Eberhard et al., 2008).

2.4.2. Annual patterns of stem radial growth

The timing of radial growth onset as well as the timing of its end and the length of the stem
radius growth period, fluctuates between trees. The classical clustering designed to highlight
the difference between tree behavior is shown in Figure S2-7 (in appendices). The onset of
radial growth occurs mainly from the beginning of October to mid-November, while the end
occurs mainly from mid-May to mid-June. This is in accordance with the observation made by
Angoboy Ilondea et al. (2021) on P. balsamifera. A few trees, however, are exceptions to this
rule, some remaining active for the whole of the 2018-2019 phenological year, or most of it
(e.g., C. mildbraedii, G. giganteum and F. elastica) and others, mainly found in understory,
growing for only a few days of the season (e.g., M. Puberula, H. gabunense). Taking into
account that several disturbances can be observed in a tree due to its presence in the lower strata
of a forest (Hladik & Blanc, 1987; De Mil et al., 2017; Hubau et al., 2019), we believe that the
abnormal behavior observed on this tree is due to its presence in the understory. This is
accordance with previous studies (Ouédraogo et al., 2013; De Mil et al., 2017; Hubau et al.,
2019). The understory is a forest layer with a different energy flow, nutrient cycling,
biodiversity and regeneration capacity (Hladik & Blanc, 1987; Gilliam, 2007). It is an
environment that can be particularly poor in solar radiation so that the chances of survival can
be very reduced for some plants (Hladik & Blanc, 1987; Torti, Coley, & Kursar, 2001).
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The few trees that do not stop growing in dry season, are all evergreen, while all individuals of
the deciduous species 7. superba and H. gabunense have a clear growth cessation.

We found that large-diameter trees exhibited higher total annual growth compared to small-
diameter trees (Fig. S2 — 4, in appendices). However, it's widely recognized that, within one
species, that young, small-diameter trees typically have higher cumulative GR than larger trees:
when the diameter of a tree is analyzed, ring-width decreases in size over the years of formation
(Speer, 2010). When comparing different species with different life history strategies, numerous
other factors come into play. In the present study, small-diameter trees belonged to slower-
growing understory species, while large-diameter trees were predominantly from faster-
growing canopy species, which tend to form relatively wide growth rings.

The observed trend in cumulative annual growth variation with dbh can be attributed to the
differences in the ecological strategies of the species. Understory trees, characterized by smaller
diameters, generally experience lower growth due to reduced light availability, which affects
their photosynthetic rate and subsequently cambium activity (van den Berg et al., 2012). This
is especially true for light-demanding species, where individuals in the understory (smaller
diameters) are exposed to lower light regimes, resulting in decreased cambium activity and
growth (Brienen et al., 2010).

2.4.3. Climatic driving stem radial growth

We found that, on a diel basis, growth preferentially occurs between sunset and early morning.
This is a cooler time of day, with little to no sunshine, more humid under the lowest VPD values
(Zweifel et al., 2021), while on annual basis, the growth period roughly coincides with the rainy
season, the hottest period of the year. This is in accordance with the results of previous studies
on tree growth in a seasonal tropical climate (Trouet et al., 2006; Couralet et al., 2010).
Basically, plant growth is largely attributed to a conjunction of climatic variables including,
mainly, precipitation, temperature, RH, VPD, solar radiation, atmospheric gases (Wagner et al.,
2014), etc. Previous experiments have shown that the rate of photosynthesis is critically
dependent on variables such as temperature and light intensity (Feeley et al., 2020; Perez &
Feeley, 2020). It is well known that the temperature dependence of photosynthesis varies with
the growing environment and species. For each environment, there is a temperature range in
which photosynthetic enzymes function at their optimal level, resulting in high rates of
photosynthesis. At temperatures outside this range, the enzymes that carry out photosynthesis
do not function efficiently, which decreases the rate of photosynthesis (Medlyn et al., 2002;
Perez & Feeley, 2020). Although trees form new cells using the carbohydrates produced during
photosynthesis, it is not primarily the availability of carbohydrates that limits their growth, but
the water tension within them. This is mainly due to the humidity of the air, which is higher at
nighttime than during the daytime. Even on moist soils, trees grow mainly at night, because the
drier daytime air inhibits their growth (Zweifel et al., 2021).

On a diel basis, during the light phase of photosynthesis, which takes place during the daytime,
plants need sunlight and CO». During the dark phase, which takes place at night, plants have to
open their stomata and simultaneously assimilate the glucose synthesized during the light phase.
This requires a decrease in temperature and an increase in relative humidity, as high temperature
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induces transpiration which reduces water potential and turgor pressure in the cambium, both
essential for cambial cell division and expansion (Peters et al., 2021). The observed diel patterns
in VPD and its correlation with growth dynamics can be attributed to a combination of
environmental and physiological factors. The higher VPD during the day compared to nighttime
is a consequence of solar radiation and temperature fluctuations. During daylight hours, solar
radiation, and temperatures typically peak, leading to increased evapotranspiration rates and
subsequently higher VPD. Conversely, at night, without the influence of direct sunlight,
temperatures drop, leading to lower evapotranspiration rates and consequently lower VPD
(Grossiord et al., 2020; Peters et al., 2021). The Gaussian RBF kernel model indicates that VPD
is a significant factor in both seasons. However, its influence is more pronounced during the
rainy season. The disparity in VPD values between the dry and rainy seasons can be primarily
attributed to differences in atmospheric moisture content. During the dry season, characterized
by reduced rainfall and lower relative humidity, the atmosphere holds less moisture, resulting
in higher VPD values. Conversely, during the rainy season, increased rainfall and higher
humidity levels contribute to lower VPD values. Periods of low shrinkage occur over a longer
nighttime duration during the dry season compared to the rainy season, because the dry season
in Luki is characterized by lower temperatures than the rainy season. This results in an extended
period of cooler diel temperatures conducive to low evapotranspiration.

We obtained significant findings regarding the correlation between weather conditions and tree
growth by examining how temperature, rainfall, RH, and VPD influence radial stem growth
throughout the phenological year, while considering the effects of individual trees. The model
we fitted accounts for a substantial part of the observed variability in radial growth, underlining
the importance of environmental variables and individual trees and species effects on tree
growth.

Our results revealed that Rainfall had a significant positive effect on tree growth, suggesting
that higher levels of rainfall promote tree growth. This is often observed in tropical forests with
a marked dry season as attested in the pre-existing literature (Vieira et al., 2004; Worbes, 199;
Brienen & Zuidema, 2005; Gliniars et al., 2013). The essential role of rainfall in tree growth
explains the time lag between the start of the dry season and the initiation of tree growth, as
well as between the end of the dry season and the end of tree growth. However, sensitivity to
water stress varies among tree species, depending on their phenological-functional group. While
individuals of evergreen species show a certain variability in their sensitivity to drought,
individuals of deciduous species appear to be more sensitive to both air and soil drought, as
supported by De Souza (et al., 2020). For trees that experience growth cessation, this occurs
between June and September, the period when the water potential is lowest (Worbes, 1999).
Even trees that are continuously active throughout the whole year experience growth decrease
during dry period. However, we found that radial growth starts soon after the beginning of the
rainy season and continues until some days or weeks after the beginning of the dry season (Fig.
2 — 4). This is in accordance with previous research (Worbes, 1999; Angoboy Ilondea et al.,
2021) and can be explained as follows: Decrease in rainfall during the dry season leads to a
decrease in soil water potential (Spanner et al., 2022). As the dry season progresses, the soil
water content decreases and so does the water potential (Kursar et al., 1995). Because of this
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decrease in water potential, tree growth reduces, depending on the resistance to water deficit of
each one. At the most severe part of the dry period, tree water potential reaches a minimum,
and trees enter a period of cambial dormancy (Worbes, 1999).

The effect of temperature was statistically non-significant and negative on radial tree growth.
This indicates that due to its current low variability in Luki, temperature (Couralet et al., 2010)
has no effect on tree growth. However, if it were to increase, it might attenuate the beneficial
positive effects of rainfall on tree growth, as demonstrated in several previous studies (Doughty,
2011; Locosselli et al., 2020). This explains why we found a statically significant negative effect
of the interaction between temperature and rainfall on radial stem growth. Numerous others
studies show that certain tropical tree already responds negatively to temperature ( Schippers et
al., 2015; Anderson-Teixeira et al., 2022). It therefore appears that tropical forests do not react
homogeneously to temperature increase, as their reactions vary considerably based on species,
sites and geographical regions (Bauman et al., 2022; T. Chowdhury et al., 2023).

By simulating temperature increases of 1.5°C along with two levels of biweekly rainfall
augmentation (25 mm and 50mm), we highlighted the differing sensitivities of tree species to
climate change. Trees of the 7. superba species exhibited notable sensitivity to the projected
scenarios, unlike trees of the other species: their annual GR remains close to an average value
throughout the year (Fig. S2 — 6, in appendices). It seemed that the rise in rainfall enhanced
growth as anticipated, while the rise in temperature continued to show no impact on growth.
This implies that if the temperature and rainfall increase forecasted by the WMO were to occur
in similar proportions to the scenarios we examined, it could potentially benefit the growth of
specific species in Luki, particularly deciduous species. This would allow them to mitigate
water stress during the dry season, which had previously hindered their growth.

The study revealed statistically non-significant effects of RH on tree growth. Luki’s hilly
landscape and proximity to the Atlantic Ocean results in persistent mists yearlong. In the driest
months, a dense cloud cover obstructs solar radiation, leading to a decrease in temperature.
These conditions compensate partially for rainfall shortage and maintain a RH favorable to tree
growth throughout the year (Sénéchal et al., 1s989; Lubini, 1997). Consequently, despite
relatively low annual rainfall during the three to four months of the dry season (less than 60 mm
of rain per month), plants do not suffer severe water stress (Lubini, 1997; Couralet et al., 2013).

The distribution of GR values in the temperature-rainfall space (Fig. 2 — 5) underscores the
impact of the dry season (rainfall below 60mm), where low GRs are prevalent, sometimes
reaching zero. This clearly indicates that not all trees cease growth during this period.
Conversely, it also emphasizes the modest growth observed at temperatures exceeding 25°C,
despite adequate rainfall levels. These findings are further supported by the observation that the
annual growth curves of some trees peak during the dry season (Figs. 2 — 4) and confirm the
inclination of Luki’s trees to cope with the projected rise in temperature and rainfall.
Paleoecological data from Africa indicate a non-linear and spatially heterogeneous response to
climate change, i.e., little change until a certain threshold is crossed, followed by rapid
ecosystem change. It appears that the tropical rainforests of West and Central Africa have
remained largely resilient over the last 1,000 years in the face of moderate climate change. Their
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resilience can be attributed to the diverse and complex natural processes inherent to these
ecosystems.

It is, rather, the current increase in human impacts and pressures that would assign them an
uncertain and unpredictable potential future (Giresse et al, 2023). There is every reason to
believe that if trees were to experience growth disturbances in Luki’s forests, deciduous species
would be more vulnerable than evergreen species (De Souza et al., 2020).

2.4.4. Potential limitations of the results

There are some limitations to this study. We maximized species covering and the number of
replicates per species is low. Logistically, it was not possible to consider several other factors
that could enable to better describe the secondary growth dynamics of Congo Basin trees under
a changing climate. These include the microclimate of each tree, forest stratum (understory or
canopy), soil parameters such as soil moisture, rooting depth, simultaneous measurements of
stem radius variation on both xylem and bark, and the monitoring of several individuals for
each species. We believe that studies over several phenological year, including a larger number
of trees per species and combining precision dendrometer monitoring with analysis of cambial
activity and leaf phenology monitoring, are needed to provide a better understanding of
secondary growth dynamics in the Congo Basin. Emphasis should be placed on understanding
the intraspecific heterogeneity of growth responses to as many environmental variables as
possible, to identify species or populations that may be more resistant or vulnerable to changing
environmental conditions.

2.5. Conclusion

Our results demonstrate that on a diel basis, tropical trees preferentially grow between sunset
and early morning, and on an annual basis, mainly during the rainy season.

The annual growth pattern indicates an overlap of the growing season with the rainy season for
most trees. Furthermore, our study highlighted the fact that Luki's unique weather conditions,
due to its hilly relief and proximity to the Atlantic Ocean, shelters the trees from severe water
stress and high temperatures, particularly during the dry season. We showed that trees in the
Luki Man and the Biosphere reserve possess considerable chance to cope with the predicted
increase in global temperature and local rainfall.
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Abstract

In the tropics, more precisely in equatorial dense rainforest, xylogenesis is driven by a little
distinct climatological seasonality, and many tropical trees do not show clear growth rings. This
makes retrospective analyses and modeling of future tree performance difficult. This research
investigates the presence, the distinctness, and the periodicity of growth ring for dominant tree
species in two semi-deciduous rainforests, which contrast in terms of precipitation dynamics.
Eighteen tree species common to both forests were investigated. We used the cambial marking
technique and then verified the presence and periodicity of growth-ring boundaries in the wood
produced between pinning and collection by microscopic and macroscopic observation. The
study showed that all eighteen species can form visible growth rings in both sites. However, the
periodicity of ring formation varied significantly within and between species, and within sites.
Trees from the site with clearly defined dry season had a higher likelihood to form periodical
growth rings compared to those from the site where rainfall seasonality is less pronounced. The
distinctness of the formed rings however did not show a site dependency. Periodical growth-
ring formation was more likely in fast-growing trees. Furthermore, improvements can be made
by a detailed study of the cambial activity through microcores taken at high temporal resolution,
to get insight on the phenology of the lateral meristem.

Keywords: cambial marking, growth-ring distinctness, periodicity of growth-ring formation,
secondary growth, tropical forests

3.1. Introduction

Trees archive information on secondary growth dynamics in their xylem (Babst et al., 2014).
They form growth rings when they experience cambial dormancy related to adverse conditions
(Brienen et al., 2016) including the severity and duration of the dry seasons (Worbes, 1999),
flooding in floodplain forests (Schongart et al., 2002), and salinity fluctuations in mangrove
forests (Chowdhury et al., 2008). Analysis of ring patterns on pith-to-bark samples makes it
possible to estimate the age of trees, to evaluate past reactions to environmental fluctuations
and possibly to reconstruct past climatic conditions (Anchukaitis, 2017). However, temporal
morphological markers, such as anatomically distinct growth-ring boundaries, are irregular or
difficult to detect in many tropical trees, making retrospective analyses difficult in tropical
forests (Tarelkin et al., 2016).

Recent studies conducted in tropical forests have challenged the paradigm that tropical tree
species do not form growth rings (Lépez et al., 2012; Mariaux, 2016). Despite the great diversity
in appearance and occurrence of growth rings in tropical regions, their annual character has
been increasingly identified in more and more tree species (Worbes, 2002, 2011; Zuidema et
al., 2012). Despite these recent advances, the forests of the Congo Basin are still under-
represented in studies highlighting ring formation by tree species (Couralet et al., 2013).
Particularly, it remains unclear whether there is no cambial dormancy, or a single or multiple
dormancy period(s) during a growing season.

Given the strong link between carbon sequestration and tree growth (Babst et al., 2014), it is
also of key importance to assess the periodicity of secondary growth and understand its drivers,
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in order to forecast the feedback of forests to climate change and the carbon dynamics of the
atmosphere (Lehnebach et al., 2021).

In the present study, we investigated growth-ring presence, distinctness, and periodicity in
eighteen tree species growing under two different climate conditions in the Congo basin (Kottek
et al., 2006). As such, wood samples were analyzed in the semi-deciduous rainforests of the
Biosphere Reserves of Luki and Yangambi, in the Democratic Republic of Congo to address
the research questions: (1) Do a majority of tree species produce annual and anatomically
distinct growth rings? (2) Is growth ring regular between individuals of the same tree species,
and what could cause irregularity? (3) What is the effect of site on the periodicity of growth
ring formation?

Ring boundary can be examined by naked eye or microscopically (Wheeler & Baas, 1998;
Brienen & Zuidema, 2005; Chowdhury et al., 2016). The periodicity of wood anatomical traits
refers to the regularity/frequency of their appearance over time. Growth rings are considered
distinct, when an abrupt structural change at the boundaries between them is present, usually
including a change in fiber wall thickness and/or fiber radial diameter. The abrupt changes
should enable each cell of the ring boundary to be associated exactly with a single growth ring
of the two concomitant ones (Tarelkin et al., 2016). Indistinct growth rings are those that are
vague and marked by gradual structural changes at their poorly defined or non-visible
boundaries (IAWA Committee, 1989). The observation of distinct or indistinct rings implies a
wood anatomical assessment. This is most often done at high microscopic resolution on a small
fragment along the tree circumference. A distinct or an indistinct border can be a very local
phenomenon in a tree stem. Wedging rings, which occur very often in tropical wood, are known
to hamper considerably the classical growth-ring analysis. Ring borders can also be of aperiodic
nature. Fundamental of growth-ring analysis, certainly in the tropics, is information on their
distinctness and their periodicity (Tarelkin et al., 2016).

We hypothesize differences in growth-ring formation between the two sites related to
differences in rainfall seasonality and the severity of the dry seasons, and between different
species related to inherent growth traits. More specifically, we hypothesize (1) growth rings to
be predominantly annual in Luki as opposed to Yangambi where the dry season is less
pronounced; (2) deciduous species to produce annual growth rings in both sites; and (3)
evergreen species to produce annual growth rings only in Luki where the rainfall seasonality is
more pronounced.

3.2. Materials and Methods

3.2.1. Study site
Study sites are located in the semi-deciduous rainforests of the Biosphere Reserves of Luki and
Yangambi in the Democratic Republic of Congo (Fig. 3 — 1a). The two sites, whilst in different
areas of the Congo Basin, have many tree species in common. The sites are characterized by a
different climate: Luki has an Aw climate and Yangambi an Af climate according to the Képpen
classification updated by Kottek et al. (2006). The average annual rainfall is 1296 mm in Luki,
and 1652 mm in Yangambi, while the average annual temperatures are 25.0 °C (ranging from
19.5 — 27.9 °C) and 25.4 °C (ranging from 22.4 — 29.9 °C) respectively (deduced from data
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from https://power.larc.nasa.gov/data-access-viewer/ ). The dry period extends from June to
September in Luki (monthly rainfall < 50mm), while there is no clear dry period in Yangambi,
except that there is a decrease in rainfall of about 60 mm per month between December and

February (Fig. 3 — la & 3 — Ic¢).

3.2.2. Study species
We selected 18 tree species (belonging to 13 families) that occur on both study sites. Three of
the species are classified as deciduous, and 15 as evergreen. Species common to both the canopy
and understory are included (Table 3 — 1). This classification of leaf phenological and stratum
classes was based on literature (Lubini, 1997), and classes are used as such in further analysis.
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Figure 3-1. Location of study sites in the Democratic Republic of Congo (a). Walter- Lieth
Climate Diagram of Luki (b) and Yangambi (¢) UNESCO Man and Biosphere
Reserve  from 1981 to 2021. Data  were obtained from
https://power.larc.nasa.gov/data-access-viewer/. The blue line indicates the
precipitation curve, the red line indicates the temperature curve, and the dry season
is shown in dashed red. The blue stripes indicate the humid period, and the blue
area shows the wet period. Temperatures in black, on the left axis, represent the
average minimum temperature of the coldest month and the average maximum
temperature of the warmest month, respectively. The annual average temperature
and annual precipitation are shown in the upper right corner of the diagram.
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3.2.3. Sample collection
Cambial marking was performed on 3 to 20 individuals per species and per site, depending on
availability, a total of 317 trees. On each selected tree, the cambial zone was wounded with a
pin at 130 cm height, according to the cambium marking technique recommended by Mariaux
(2016), from 3 to 7 March 2015 in Luki, and from 4 to 8 August 2014 in Yangambi. For each
individual tree, the diameter at breast height (DBH, 130 cm height) was measured with a
diameter tape.

The collection of cores with a diameter of 5 cm containing the pinned zone, was done from 29
August to 10 September 2016 in Luki and from 8 to 18 August 2016 in Yangambi. At this time
of sample collection, the DBH of each individual tree was remeasured, providing the
macroscopic increment during the observation period.

Collected samples were transferred to the wood biology laboratory of the Royal Museum for
Central Africa (RMCA) in Tervuren, Belgium, where they were air-dried, given a Tervuren
Wood (Tw) collection accession number, and placed in the wood collection (Fig. S3 — 1, in
appendices). As such, wood samples were available with two exactly known dates of cambium
positions: the time of pinning, revealed by a pin mark, and the time of sampling, revealed by
the wood-bark boundary.
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Table 3-1. Leaf functional group, tree species, botanical family, stratum at adult stage (Lubini,
1997), distinctness and description of growth-ring boundaries (obtained from this
study), and total number of successfully marked trees per species, in Luki and
Yangambi forests.

Leaf No. Of trees per
functional Distinctness of growth-ring Description of growth-ring site
group Species Family Stratum boundaries boundaries Luki Yangambi
Erythrophleum suaveolens Fabaceae Flattened fibers.
(Guill. & Perr.) Brenan Caesalpiniaceae  Canopy Distinct or indistinct Band of marginal parenchyma. 2 2
Flattened fibers.
Deciduous - Band of 'marginal p'arer'lchymaA
Petersianthus macrocarpus Tangential band with little or no
(P.Beauv.) Liben Lecythidaceae ~ Canopy Distinct or indistinct apotracheal axial parenchyma. 15 11
Prioria oxyphylla (Harms) Fabaceae Flattened fibers.
Breteler Detarioideae Canopy Distinct Band of marginal parenchyma. 2 2
Blighia welwitschii (Hiern)
Radlk. Sapindaceae Canopy Distinct or indistinct Flattened fibers. 2 7
Carapa procera DC Meliaceae Understory  Distinct Band of marginal parenchyma. 4 1
Celtis mildbraedii Engler Cannabaceae Canopy Distinct or indistinct Flattened fibers. 12 5
Chrysophyllum africanum
A.DC Sapotaceae Canopy Distinct or indistinct Flattened fibers. 8 5
Tangential band with little or no
Cola griseiflora De Wild. Malvaceae Understory  Distinct or indistinct apotracheal axial parenchyma. 6 1
Tangential band with little or no
Garcinia punctata Oliver Clusiaceae Understory Distinct or indistinct apotracheal axial parenchyma. 2 3
Greenwayodendron
suaveolens
(Engl. & Diels) Verdc Annonaceae Understory  Distinct or indistinct Flattened fibers. 7 6
Leplaea thompsonii
Sprague & Hutch. Meliaceae Canopy Distinct or indistinct Flattened fibers. 3 4
Evergreen
Flattened fibers.
Pentaclethra macrophylla Fabaceae Tangential band without vessels or
Bentham Caesalpiniaceae  Canopy Distinct or indistinct axial parenchyma. 5 1
Pycnanthus angolensis
(Welw.) Warb. Myristicaceae Canopy Distinct or indistinct Flattened fibers. 7 1
Flattened fibers.
Staudtia kamerunensis Warb ~ Myristicaceae Canopy Distinct or indistinct Band of marginal parenchyma. 2 5
Strombosiopsis tetrandra
Engler Strombosiaceac  Canopy Distinct or indistinct Flattened fibers. 6 5
Flattened fibers.
Trichilia gilgiana Harms Meliaceae Understory Distinct or indistinct Band of marginal parenchyma. 12 1
Flattened fibers.
Trichilia prieuriana Juss Meliaceae Understory  Distinct or indistinct Band of marginal parenchyma. 17 6
Trilepisium Flattened fibers.
madagascariense DC Moraceae Canopy Distinct or indistinct Band of marginal parenchyma. 13 10
Total 125 76

3.2.4.

Sample processing and analysis

All samples were sanded on the pinned cross-sectional plan to highlight the pin mark. Marking
was successful on only 201 trees (125 from Luki, 76 from Yangambi, Table 1), and these were
used for further analysis. Successful marking means that the insertion of the pin through the
cambial zone had left a scar on xylem and caused a production of wound tissue on the wood
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formed later, near the pinning point (Seo et al., 2007). Wood anatomical observation and
analysis were carried out by three observers, with (1) a SZH10 Olympus stereomicroscope
equipped with a UC30 Olympus camera connected to a computer, and (2) an HRX-01 3D
Digital Microscope (Fig. S3 — 2, in appendices). This also allowed us to capture high-definition
images to examine the presence and distinctness of growth ring boundaries, and to measure the
wood produced between pinning and collection. The software Cell Beta and Hirox were used
for image capture. We measured the radial growth, outside the reaction zone, to the left and
right of the pinning point using the imageJ software (Schneider et al., 2012). The mean value,
in millimeters, was taken as the radial increase of the tree (Robert et al., 2011). The position of
the pin mark in the xylem as well as the number of growth rings formed after pinning date were
determined, and the periodicity (sub-annual, annual or no periodicity) was derived.

In accordance with the terminology of the IAWA, which considers a growth ring distinct when
characterized by boundaries defined by an abrupt structural change usually including a change
in fiber wall thickness and/or fiber radial diameter (IAWA Committee, 1989), we considered a
growth ring distinct when all three observers could associate each cell of the growth ring
boundary with exactly one of the two concomitant growth rings (Tarelkin at al., 2016). A growth
ring is indistinct when at high magnification, it is not possible to associate a single cell to a
particular growth ring. Growth-ring production was considered periodic when the tree produces
a constant number of rings per year.

3.2.5. Auxiliary leaf phenological data

In order to verify the general relationship between deciduousness and presence of growth rings,
historical long-term phenological observation records from Luki (Couralet et al. 2013; data
from 1948 — 1957) and Yangambi (Hutkens & Kearsley, 2023; data from 1937 — 1956) were
assessed. These two datasets contain historical ground-based leaf phenological observations of
local tropical trees made three or four times each month, at Luki and Yangambi respectively,
by the forestry division of the INEAC (Institut National pour I'Etude Agronomique du Congo).
The timing at which the canopy contained no (or very few) leaves or was in a state of leaf
turnover (partial leaf loss and flushing of new leaves, while retaining significant canopy leaf
biomass) was recorded. The average species-level duration of these phenophase events, and
presence of (sub-)annual periodicity was determined. Periodicity in the phenological timeseries
was determined using a Fourier analysis following the method detailed in Bush et al., (2017).
More details on the Fourier analysis as applied to these datasets can be found in Kearsley et al.
(2024). Four species under investigation (Garcinia punctata, Cola griseiflora, Leplaea
thompsonii and Strombosiopsis tetrandra) were not available in the Luki dataset. Genus level
assessments were made for Garcinia sp., Cola sp. and Leplaea sp. The genus Strombosiopsis
was not present in the Luki dataset.

3.2.6. Data analysis
To assess the distinctness and the periodicity of growth ring of individual trees as dependent on
their inherent species-specific traits and growing conditions, we fitted a generalized linear
mixed-effects model (GLMM) with a binomial link function using the R (R Core Team, 2023)
‘elmmTMB’ package (Brooks et al., 2017). Binomial for the periodicity of growth ring
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formation was: no periodicity = 0, annual and sub-annual periodicity = 1, and for growth-ring
distinctness: indistinct = 0, distinct = 1.

The fixed effects of individual tree-level parameters DBH and relative mean increment are
assessed, as are the effects of species-specific classifications of stratum (understory, canopy)
and leaf phenology (evergreen, deciduous), and species-level derived features of average leaf
phenophase duration (state of no leaves, state of leaf turnover; duration in weeks) and the
periodicity of these phenophase events ((sub)-annual or no annual periodicity). The site (Luki,
Yangambi) at which the tree was observed is included as a fixed effect. The tree species nested
within site is included as a random effect to account for species-specific effects at site-level.
The full GLMM models assessed were:

1) periodicity (binary) ~ DBH + Relative mean increment + Stratum + Leaf phenology +
Mean leaf phenophase duration + Leaf phenophase periodicity + Site + (1|Site/Species).

2) distinctness (binary) ~ DBH + Relative mean increment + Stratum + Leaf phenology +
Mean leaf phenophase duration + Leaf phenophase periodicity + Site + (1|Site/Species).

The inclusion of each fixed effect is assessed (i.e., all combinations of fixed effects) and the
best model fit was selected by comparing Akaike Information Criterion (AIC; Burnham &
Anderson, 2002) and the standard deviation of residuals (residual standard error; E =

ZXm (- 7)).

3.3. Results

3.3.1. Distinctness of growth ring
All trees in this study, whether deciduous or evergreen, could display growth rings, even though
not all growth ring boundaries were easily distinguishable, i.e. distinct. Only 2 species (Carapa
procera (Fig. 3 — 2b) and Prioria oxyphylla (Fig. 3 — 2k) always showed distinct rings. The
others showed distinct or indistinct rings, varying from one individual to another.

The growth-ring boundaries we found were marked by one or more of the following structural
changes (Table 3 — 1): flattened fibers (Fig. 3 —2a, ¢, d, f, h, 1,1, m, n, p, g, and r), band (narrow
or relatively large) of marginal parenchyma (Fig. 3 —2b, d, g, k, 1, n, p, q and r), tangential band
with little or no apotracheal axial parenchyma (Fig. 3 — 2e), and tangential band without vessels
or axial parenchyma (Fig. 3 —2j).

The logistic mixed model to predict growth-ring boundary distinctness including features DBH,
relative mean increment, stratum and leaf phenology class, dormancy periodicity, average
dormancy duration and species nested in site as random did not yield statistically significant
results for any of the predictors. The model as a whole did not explain a meaningful portion of
the variation in growth-ring boundary distinctness, as indicated by marginal R> = 0.09.
Consequently, none of the investigated variables appear to aid in predicting the distinctness of
growth-ring boundaries.

3.3.2. Interpretation of the number of growth rings observed
The interpretation of the number of growth rings observed and their indication of periodic
formation differed between Luki and Yangambi, depending on the sample collection period.
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The marking in Luki was done within the 2015 wet season (about two months before the start
of the dry season) and the collection within the 2016 dry season (Fig. 3 — 3a). As such, the
collection was done one and a half seasons after marking. We therefore expect, if growth ring
formation is annual, to have two ring boundaries formed, the last one at the wood-bark
boundary. In Yangambi, both marking and collection were done during the wet season (August
2014 to August 2016, Fig. 3 — 3b). Considering that collection was done two seasons after
marking, we could expect, if the rings are annual, to have two ring boundaries formed, the last
one before the wood-bark boundary.

Figure 3-2. Incident light images of transverse sections showing tree ring boundaries (green
triangles): (a) B. welwitschii, (b) C. procera, (¢) C. mildbraedii, (d) C. africanum,
(e) C. griseiflora, (f) E. suaveolens, (g) G. punctata, (h) G. suaveolens, (i) L.
thompsonii, (j) P. macrophylla, (k) P. oxyphylla, (1) P. macrocarpus, (m) P.
angolensis, (n) S. kamerunensis, (0) S. tetrandra, (p) T. gilgiana, (q) T. prieurieana,
(r) T. madagascariense.
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The interpretation of the cambial marking in relation to the growth rings observed during the
study period varies between Luki and Yangambi. The following cases can be distinguished: (a)
Pinning mark inside the only formed ring, ring n (Fig. 3 —4a): marking was done while the tree
was growing, and collection occurred before or at the beginning of the next growing period
began. It's very likely that the single ring formed is not annual. (b) Pinning mark at the lower
limit of the last and only formed ring, ring n (Fig. 3 — 4b): marking was done at the beginning
of a growing period, and collection was done before or at the beginning of the next growing
period.
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Figure 3-3. Total monthly rainfall and daily variation of monthly temperature during the study
years (2014, 2015, and 2016). (a) Luki and (b) Yangambi. The red and green dots
on the timeline mark the marking and collection dates, respectively. Data were
obtained from https://power.larc.nasa.gov/data-access-viewer/.

This case suggests the annual occurrence of ring formation for Luki trees. For Yangambi, there
is a high chance that this ring is multiannual. (c) Case like (b) except that the pinning mark is
within the penultimate growth ring, the n-1 ring (Fig. 3 — 4c). This augurs that the marking was
made while the tree was growing. Again, the case highlights the annual occurrence of ring
formation for trees in Luki but not for those in Yangambi. (d) Pinning mark at the lower limit
of the penultimate ring, ring n-1 (Fig. 3 — 4d): marking was done at the beginning of a growing
period, and collection was done after the beginning of the next growing period. For Luki, it is
possible that the second ring limit was due to lower rainfall in January 2016. For Yangambi,
this could suggest that ring formation is annual. (e) Case like (d) except that the pinning mark
is inside the ring preceding the penultimate ring, ring n-2 (Fig. 3 — 4e). This augurs that the
marking was made while the tree was growing. Here again, the case shows the occurrence of a
single ring per year for Yangambi trees, but two rings for Luki trees. (f) Pinning mark at the
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lower limit of the ring preceding the penultimate ring, ring n-2 (Fig. 3 — 4f): marking was done
at the beginning of a growing period, and collection was done after the beginning of two
supplementary growing periods. This case does not exist for the Luki samples, in Yangambi, it
suggests the possibility of several growth rings in some years. (g) Case like (f) except that the
pinning mark is located inside the n-3 ring (Fig. 3 —4g). This augurs that the marking was made
while the tree was growing. (h) Pinning mark located at the lower limit of the n-3 ring: (Fig. 3
— 4h). marking was done at the beginning of a growing period, and collection was done after
the beginning of tree supplementary growing periods. This case does not exist in the Luki
samples either. For the Yangambi samples, it suggests the possibility of occurrence of two
growth rings per year.

These cases of cambial markings in relation to observed growth-ring boundaries were found in
the sampled trees at Luki and Yangambi, with a few species-specific examples presented here
(Fig. 3-5).

Ring n
Ring n-1

Ring n
Ring n-1
Ring n-2

Ring n
Ring n-1
Ring n-2

Ring n-3

Figure 3-4. Position of pinning mark on the transverse plane of the stem. (a) Marking inside the
last ring, ring n; (b) marking at the lower limit of the last ring, ring n; (c) marking
inside the penultimate ring, ring n — 1; (d) marking at the lower limit of the
penultimate ring, ring n — 1; (e) marking inside the ring preceding the penultimate
ring, ring n — 2; (f) marking at the lower limit of the ring preceding the penultimate
ring, ring n — 2; (g) marking inside the n — 3 ring; (h) marking at the lower limit of
the n — 3 ring.

Case (a) showing the pinning mark inside the last formed growth ring was found, as in species
P. macrocarpus, from Luki (Fig. 3 — 5a) and in C. procera from Yangambi (Fig. 3 — 5b). The
case (b) showing the pinning mark at the lower limit of the last ring, ring n, was found, for
example, in B. welwitschii (Fig. 3 — 5¢) from Luki, and in P. oxyphylla (Fig. 3 — 5d) from
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Yangambi. The case C, showing the pinning mark inside the penultimate ring, ring n-1, was
found, for example, in C. griseiflora from Luki (Fig. 3 — 5e), and in 7. madagascariense from
Yangambi (Fig. 3 — 5f). The case d, showing the pinning mark at the lower limit of the
penultimate ring, ring n-1, was found, for example, in P. angolensis from Luki (Fig. 3 — 5g) and
in S. kamerunensis from Yangambi (Fig. 3 — 5h). The case E, showing the pinning mark inside
the ring preceding the penultimate ring, ring n-2, was found, for example, in P. oxyphylla from
Luki (Fig. 3 — 51) and in C. mildbraedii from Yangambi (Fig. 3 — 5j). The case F, showing the
pinning mark at the lower limit of the ring preceding the penultimate ring, ring n-2, was found,
for example, in G. suaveolens from Yangambi (Fig. 3 — 5k). The case G, showing the pinning
mark inside the n-3 ring, was found, for example, in P. oxyphylla from Yangambi (Fig. 3 — 5I).
The case H, showing the pinning mark at the lower limit of the n-3 ring, was found, for example,
in C. africanum from Yangambi (Fig. 3 — 5m).

Figure 3-5. Images of wood samples showing the limits of growth rings (green triangles) and
the new wood layers containing the scar (red triangle) resulting from cambial
marking: (a) P. macrocarpus, (b) C. procera, (c) B. welwitschii, (d) P. oxyphylla,
(e) C. griseiflora, (f) T. madagascariense, (g) P. angolensis, (h) S. kamerunensis,
(1) P. oxyphylla, (j) C. mildbraedii, (k) G. suaveolens, (1) P. oxyphylla, and (m) C.
africanum.

3.3.3. Periodicity of growth-ring formation
Nine species in Luki (B. welwitschii, C. griseiflora, C. procera, G. suaveolens, P. angolensis,
P. oxyphylla, S. kamerunensis, S. tetrandra, T. gilgiana) and 2 species in Yangambi (P.
angolensis and T. gilgiana) formed growth rings periodically in all their individuals. In
Yangambi, 4 species (C. griseiflora, C. procera, P. macrophylla and P. oxyphylla) did not form
periodical growth rings in any of the studied individuals. In the remaining species, the periodical
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formation of growth rings varied from one individual to another. This intra-species variability
was observed in 9 species in Luki and 12 species in Yangambi.

The logistic mixed model to predict growth-ring periodicity including parameters DBH, relative
mean increment and site as fixed effects and species nested in site as random effects produced
the best fit:

periodicity (binary) ~ DBH + Relative mean increment + Site + (1|Site/Species)

The model's explanatory power related to the fixed effects alone (marginal R2) is 0.72. A
significant positive effect of DBH (beta = 0.03, 95% CI [6.43e-04, 0.07], p = 0.046; Std. beta =
0.56, 95% CI [0.01, 1.11]) and relative mean increment (beta = 1.91, 95% CI [1.12, 2.69], p <
.001; Std. Beta = 2.43, 95% CI [1.43, 3.44]) was found, while a significant negative effect of
site [ Yangambi] was observed (beta = -3.52, 95% CI [-5.24, -1.79], p <.001; Std. beta = -3.52,
95% CI [-5.24, -1.79]) (Table 3 — 2).

Table 3-2. Model output of quantifying growth-ring periodicity in response to DBH (initial, at
start of observation period), relative mean increment, and site as fixed effects, using
a generalized linear mixed-effects model. Tree species are nested within site as a
random effect.

Predictors Estimate SE z p Signif.
Intercept -1.01079 0.72134 -1.401 0.1611

DBH (initial) 0.0339 0.01697 1.998 0.0457 *
Relative mean increment 1.90599 0.40122 4.75 <0.001 H**
Site : Yangambi -3.51591 0.88037 -3.994 <0.001 ***
Random effect Variance SD

Species within site 2.05 1.432

Species <0.000 0.00004

Note: Tree species are nested within site as a random effect (Signif. codes: 0 “***’ 0.001 “**> 0.01 “** 0.05 *.” 0.1 *’ 1).

The species-level classifications of stratum, phenology or the phenological parameters
(phenophase duration or periodicity) did not significantly contribute to the prediction of growth-
ring periodicity or improved the model fit.

3.4. Discussion

3.4.1. Distinctness of growth ring

The results of this study indicate that all eighteen species examined can form growth rings,
demarcated by the following features, some observed simultaneously within a same species:
flattened fibers, one or two layers of marginal parenchyma, tangential band with little or no
apotracheal axial parenchyma, or tangential band without vessels or axial parenchyma. These
anatomical features are among those used by several authors to formally identify the ring
boundary in some tropical trees (Détienne, 1989; Détienne et al., 1998; Worbes, 1999; Robert
et al., 2011; Mariaux, 2016). We found that not all growth-ring boundaries were distinct. Ring
boundaries of 43.3% of trees showing rings were indistinct. However, the logistic mixed model
we fitted revealed that no variables including DBH, mean relative increment, leaf stratum and
phenological class, dormancy periodicity, mean dormancy duration, species, and site, predicted
the distinctness of growth ring boundaries.
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Growth rings are supposed to form when the tree is dormant as a result of an environmental
stress factor (Worbes, 2002). The absence or limited seasonality in climatic variables in the
tropics has been the basis for the long-held belief that tropical trees exhibit relatively constant
growth throughout the year and do not form growth rings (Lieberman & Lieberman, 1985;
Brienen et al., 2016). It is well known today that many tropical trees form distinct growth rings
and that rainfall seasonality (Gourlay, 1995; Worbes, 1995, 1999), temperature (Singh &
Kushwaha, 2016) and light (Tarelkin et al., 2019) are by far the most common limiting factors
for tropical tree growth. Complex interactions between the tree's organic functions, including
transpiration, water uptake and storage, and environmental variables, including precipitation,
sunlight, temperature, and soil water reserve, lead to phenological response patterns specific to
each species, and even to each tree (Borchert, 1999; Singh & Kushwaha, 2016). Light intensity
has been shown to have the greatest influence on the formation of growth-ring boundaries
during the dry season. The reduction in daylight length, albeit slight in the tropics, and thick
cloud cover during the dry season adversely affect the amount of sunlight in terms of duration
and intensity (Tarelkin et al., 2019; Vargas et al., 2022). This can lead to an intensification of
leaf fall, which in turn also negatively affects the wall thickness and size of the cells formed in
the cambium (Janssen et al., 2021).

Growth-ring distinctness was however not significantly related to any of the investigated
variables, including DBH, relative mean increment, tree stratum, leaf phenology, mean leaf
phenophase duration, leaf phenophase periodicity and site. Previous studies do however show
a relation between growth-ring distinctness and leaf phenological classes (Worbes, 1999).
Indeed, Worbes (1999) found, in a study conducted in Venezuela, that ring boundaries, when
present, are more pronounced in deciduous than in evergreen species. He postulated that
evergreen species tend to show only a short interruption in wood growth during the latter part
of the dry season, whereas deciduous species stop growing completely at the end of the rainy
season.

In our case, we believe there was a bias due to differences in microclimate that were not
considered. Intra-species variability in leaf phenology is high (Kearsley et al., 2023) and will
depend on both internal cues and environmental drivers. The phenological observations
available for this study did not account for the growing conditions of the individual trees (e.g.,
location in the canopy, gap effects, neighboring effects) or for the weather during the
observation period (how severe was the dry season, what were the light conditions). When
repeating this experiment, we recommend the collection of simultaneous phenological
observations.

3.4.2. Periodicity of growth-ring formation
We found that site was one of the main predictors of growth-ring periodicity. Only nine species
from Luki (B. welwitschii, C. griseiflora, C. procera, G. suaveolens, P. angolensis, P.
oxyphylla, S. kamerunensis, S. tetrandra, T. gilgiana) and two species from Yangambi (P.
angolensis and T. gilgiana), had all individuals forming growth rings periodically. Five species,
namely C. griseiflora, C. procera, G. suaveolens, P. oxyphylla and S. tetrandra behaved
differently depending on the site: They show exclusively periodic behavior in Luki, but irregular
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behavior in Yangambi. Two species, namely P. angolensis, and T. gilgiana displayed an
exclusively periodic behavior in both sites.

The disposition to form growth rings is due to the fluctuation of environmental variables such
as precipitation, temperature, soil moisture, air humidity and sunlight. The more marked and
seasonal the variations, the more periodic the growth rings (Brienen et al., 2016; Janssen et al.,
2021). In contrast to temperate and boreal regions, environmental variables in the tropics are
less distinctly seasonal. As a result, temporal morphological markers are either absent, irregular,
or unclear (Brienen et al., 2016), depending on the severity and length of arid periods (Worbes,
2002). Accordingly, in Yangambi where the dry season is less pronounced, trees have a lower
likelihood for periodical growth-ring formation than trees in Luki. Similar observations were
reported in several previous studies (Coster, 1927; Pearson et al., 2011). Nevertheless, even in
Luki where a distinct dry season is present, the formation of growth rings is not always periodic.
Indeed, Luki's hilly landscape and proximity to the Atlantic Ocean cause frequent fog and dense
cloud cover that keeps relative humidity high throughout the year (Sénéchal et al., 1989; Lubini,
1997). Therefore, despite relatively low annual rainfall during the three to four months of the
dry season (less than 60 mm of rainfall per month), plants do not experience extreme water
stress during this period (Lubini, 1997; Couralet et al., 2013).

The nine remaining species, namely C. africanum, C. mildbraedii, E. suaveolens, G. punctata,
G. thompsonii, P. macrocarpus, P. macrophylla, T. madagascariense, and T. prieurieana had
an irregular behavior in both sites: some trees formed growth rings periodically and others
irregularly, in the same site. This may depend on the microclimate of each individual due to its
location in the forest (stratum, soil quality, altitude, etc.), and its own sensitivity. Mariaux
(2016) reported that within a species, ring formation can be dependent on the personal life
history of individuals (forest fire, damage to the crown, insect attacks, etc.). The periodicity of
ring formation may also differ between life stages. Clear, annual rings may be found in the adult
stages, but absent, vague, or non-annual rings in the juvenile stages (Diinisch et al., 2002;
Brienen & Zuidema, 2005).

We found that relative mean increment was also a main predictor of growth-ring periodicity.
Trees with higher relative mean increment have a higher likelihood of having periodical growth
rings. In other words, fast-growing trees have a higher chance of periodical growth rings.
Previous studies supported that in medium and fast-growing trees it is usually easy to see the
annual growth rings (Ogden & West, 1981; Détienne, 1989; Verheyden et al., 2004). Fast-
growing trees are often light-demanding (Marra et al., 2014). As such, their growth is more
dependent on high light availability. As in the dry season, day length is reduced and there is a
cloud cover that reduces the intensity of sunlight in the study sites (Tarelkin et al., 2019), fast-
growing species are more prone to a reduction or outright cessation of growth, that induces the
formation of a sharp, periodic ring boundaries. Things are different for slow-growing
understory species. It has been shown that in western Central Africa, home to light-poor
evergreen forests, significant low-level cloud cover during the dry season from June to
September results in a sharp reduction in water demand and an improvement in the quality of
light available for tree photosynthesis (Philippon et al., 2019). This improvement in light
conditions is of particular benefit to evergreen understory species, which find opportunities to
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access light when the canopy opens due to the fall of deciduous tree leaves during the dry season
(Denslow, 1987).

We found that DBH had a significant positive effect, although a small estimate, on the growth-
ring periodicity. Since DBH is related to the height of a tree, DBH can be used as a proxy for a
trees’ location within the canopy, and as such for light it can receive. So, the signal is potentially
larger for trees higher up in the canopy (Lopez et al., 2012). The life history stratum
classification of a tree species was, however, not a predictor for growth ring periodicity. Stratum
classification at species-level does not represent the growing conditions of an individual tree.

We expected a clear link with phenology, however, the phenological classification and
parameters used were not specifically observed for the individual trees under investigation. And
indeed, no link was established. Nevertheless, deciduous species, which are more sensitive to
water stress than evergreen species, could be more inclined to form growth-ring boundaries not
only during the dry season, but also during all periods characterized by a considerable drop in
rainfall (such as the period from January to February in Luki and June-July in Yangambi).
Previous studies already reported strong differences in species sensitivity to precipitation, due
to water storage in the stems, phenology, rooting depth and reserve utilization (Borchert, 1994;
Meinzer et al., 1999). In situ observations of leaf phenology of the studied trees might provide
more insight. At the site level, the fact that not all trees of deciduous species form the same
number of growth rings even though they grow on the same site confirms the individual
specificity in the formation of growth rings due to local growing conditions (canopy/understory,
gap/no-gap, neighboring trees etc.), as supported by Mariaux (2016).

3.5. Conclusion

In the present study, we examined ring formation in eighteen tree species growing under two
different climatic conditions in the semi-deciduous rainforests of the Luki and Yangambi
biosphere reserves in the Congo Basin. The study showed that all eighteen species formed
growth rings. The periodicity of ring formation varied significantly within and between species,
as well as between sites, while ring boundary distinctness was not significantly related to any
parameter at either site. The formation of annual growth rings is more likely at Luki than at
Yangambi, where climate seasonality is less marked. Inter-species variability in the formation
of periodic growth rings is not related to species-level classifications of leaf phenology.
Environmental conditions at site and tree level, as well as microclimate, may dictate intra-and-
inter-species variability. These results clearly demonstrate that cambial marking can be
successfully applied in the Congo Basin. Since the absence of wood anatomically distinct
borders between growth rings, a high-resolution assessment of the secondary growth needs to
be done with periodic sampling of the cambial zone through microcores. This approach would
allow to date the formation of tissue types and production of wood and add to phenological
datasets.
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Abstract
In Congo Basin tropical forests, cambial phenology likely varies widely, with the timing of tree
growth still uncertain. With anticipated increases in temperature and changes in precipitation
patterns, these forests may face significant threats impacting tree growth and carbon
sequestration, highlighting the need for studies on cambial dynamics and their adaptability to
climate change.

This study examines cambial phenology in two semi-deciduous rainforests in the Democratic
Republic of Congo, each with distinct precipitation patterns. The research focused on the
temporal dynamics of cambial cell production and maturation in relation to tree morphological
traits, leaf phenology, reproductive traits, and climatic variables. Biweekly microcores were
taken from 30 trees across 10 species, and radius dendrometer data from 59 trees in 20 species
complemented the study. Microsections were stained and examined to identify cambial activity
and dormancy, supported by measured stem diameter variations.

Results revealed complex cambial dynamics without uniform dormancy patterns across or
within species. Some species showed irregular cycles of activity and dormancy, while others
were continuously active, suggesting high resilience. Trees from the site with a defined dry
season (Luki) were more climate-sensitive, potentially heightening their vulnerability to climate
change. In contrast, species from the less seasonal site of Yangambi exhibit sensitivity to
morphological and reproductive traits, showing resilience to climate variation but a sensitivity
to internal growth dynamics.

Keywords: Central Africa forests, secondary growth, carbon storage, cambial dormancy,
xylogenesis, lignification, wood anatomy.

4.1. Introduction
Forests are the most effective terrestrial ecosystems in carbon sequestration. By storing

approximately 26% of the carbon released by human activities, they play a major role in
mitigating global warming (Pan et al., 2011, 2024). Most forest carbon is stored in the woody
structures of vascular plants, notably in stems and roots (Malhi et al., 2011). Between the bark
and the wood lies a thin layer of meristematic cells called the vascular cambium, or simply
cambium. The cambial layer consists of undifferentiated, actively dividing cells, only when
active, that are thin-walled and rectangular in shape, when seen on a cross-section. The cells
are arranged in radial files, forming vertical columns that facilitate the organized production of
new xylem and phloem cells. The cambium is composed of two cell types: fusiform initials,
which are long, spindle-shaped cells that form the bulk of the wood and bark, and ray initials,
smaller cuboidal cells that generate xylem and phloem rays, allowing lateral transport of
nutrients and water (Lachaud et al., 1999; Callado et al., 2013; Fischer et al., 2019). Carbon
storage results from several transformations of a portion of the carbon captured through
photosynthesis into woody biomass via xylogenesis. Xylogenesis starts in the vascular
cambium (Chaffey, 1999). The cells in the cambial zone divide actively to produce new xylem
cells toward the inside of the plant and new phloem cells toward the outside. This process is
responsible for the radial thickening of stems and roots, and for carbon storage (Lachaud et al.,
1999; Callado et al., 2013; D. Wang et al., 2021). Cambial cells differentiate into a variety of
xylem cells with a secondary cell wall (Locosselli, 2018) with differing functions. Between
41.9 and 60.7% of the dry mass of these cells consists of pure carbon (Martin & Thomas, 2011;
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Thomas & Martin, 2012). The secondary cell walls comprise most terrestrial biomass (Turco et
al., 2019) and are consequently the main carbon reservoirs in trees (Locosselli & Buckeridge,
2017). They store carbon for long periods, playing a significant role in the carbon cycle. The
three main biopolymers that contribute to carbon storage in wood are cellulose, hemicellulose,
and lignin, with cellulose and lignin being the largest contributors (Pettersen & Rowell, 1984).

Xylogenesis proceeds through a succession of five major phases initiated by cambial activity:
(1) cell division and differentiation, (2) cell expansion (elongation and radial enlargement), (3)
cell wall thickening (involving cellulose, hemicellulose, cell wall proteins, and lignin
biosynthesis and deposition), (4) programmed fiber (and/or tracheid) cell death, and (5) heart
wood formation (programmed parenchyma death) (Plomion et al., 2001). From the above,
carbon storage in the strict sense occurs during phase 3, when the secondary cell wall forms
(Verbanci¢ et al., 2018). However, additional depositions may occur as heartwood forms
(Lehnebach et al., 2019). Despite the fundamental nature of the xylogenesis process, the onset,
duration, and completion of these phases are species-specific and can be influenced by
environmental variables (Savidge, 1996).

In temperate climatic regions, the vascular cambium of trees follows a seasonal cycle of activity
and dormancy. The dormancy period, which lasts approximately six months and includes the
fall and winter months, corresponds to a cessation of meristematic activity (Riding & Little,
1984; Mellerowicz et al., 1992; Lachaud et al., 1999; Guo et al., 2022). In tropical regions,
cambial phenology is likely to exhibit various patterns (De Mil et al., 2017; Angoboy Ilondea
et al., 2021; Luse Belanganayi, Angoboy Ilondea, et al., 2024), but very little is known about
them. The Congo Basin, situated in the Central-African tropical region, hosts the second largest
tropical forests-, following the rapidly degrading Amazon Basin forests (Hubau et al., 2020).
These forests are a vast carbon sink, holding approximately 9% of the world's forest carbon
(FAO & ITTO, 2011).

However, our understanding of the timing of xylogenesis phases in Congo Basin trees remains
limited. Meanwhile, climate projections for Central-Africa predict either more frequent and
intense droughts (Fauset et al., 2012) or higher temperatures and increased rainfall (WMO,
2023), both of which could affect the various phases of xylogenesis. This underscores the
importance of understanding how xylogenesis functions and how the forests can adapt to
anticipated climate disruptions.

To assess cambial activity in detail, four approaches are available depending on the timescale:
1) Weekly/biweekly: regular analysis of the cambial zone using thin sections of micro-cores, or
simply microsampling (Rossi, Deslauriers, et al., 2006; Noyer et al., 2023). 2) Monthly:
decoding information in the cross-sectional planes of wood macro-cores, between two dates,
using a wound in the cambial zone of living trees as a reference (De Mil et al., 2017; Luse
Belanganayi, Delvaux, et al., 2024). 3) Inter-annual: dendrochronology (Hubau et al., 2019;
Luse Belanganayi, Delvaux, et al., 2024) and radiocarbon dating (Pompa-Garcia & Camarero,
2020; Giraldo et al., 2023). 4) both intra- and inter-annual timescales: direct measurement of
changes in girth or in stem radius using automatic dendrometers (Drew & Downes, 2009; Luse
Belanganayi, Ilondea, et al., 2024). Each approach has its own advantages and limitations.
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Microsampling is a highly valuable technique for studying cambial activity and wood formation
at the cellular level offering greater precision in understanding the growth dynamics of the tissue
(Rossi, Deslauriers, et al., 2006), but it may come with limitations such as tree wounding (Tsen
et al., 2016) and a limited representativeness of the sampling area. Additionally, micro-coring
is labor-intensive. The process involves regular sample collection, careful preparation of thin
sections for microscopic analysis, and the identification of cellular changes. This level of
precision requires both time and technical expertise, making it a resource-heavy method (Rossi,
Deslauriers, et al., 2006). Therefore, automatic dendrometers can serve as an approximation as
well.

The present study is one of the few that explores cambial activity in tropical trees through
regular biweekly microcore sampling over the course of a calendar year (Morel et al., 2015),
and is the first of its kind in the Congo Basin. We focused precisely on temporal dynamics of
cambial cell production and maturation in relation to tree morphological traits, leaf phenology
and reproductive efforts, as well as with the climatic variables and actual stem radius changes
by using automated dendrometers. To explore this, micro-core samples were analyzed from the
semi-deciduous rainforests of the Luki and Yangambi Biosphere Reserves in the Democratic
Republic of Congo, addressing the following research questions: (1) Is there a period of cambial
dormancy? If so, how long does it last? (2) When exactly does cambial activity peak during
the phenological year? (3) How do climatic factors, along with tree morphological traits, leaf
phenology, and reproductive efforts, influence the growth cycle?

4.2. Materials and Methods
4.2.1. Study sites

The study sites are situated in the semi-deciduous rainforests of the Luki (-5.65°S; 13.07°E)
and Yangambi (0.78°N; 24.52°E) Biosphere Reserves in the Democratic Republic of Congo.
These locations experience distinct climatic conditions: Luki has an Aw climate, while
Yangambi is classified as Af according to the K&ppen system, as updated by Kottek et al.
(2006). Luki experiences a dry season from June to September, with monthly precipitation
below 50 mm, while Yangambi has no distinct dry season, though there is a reduction in
precipitation to around 60 mm per month between December and February (Luse Belanganayi,
Delvaux, et al., 2024). Luki's distinctive climate, shaped by its hilly landscape and proximity to
the Atlantic Ocean, sustains relatively high air humidity year-round. This helps protect the trees
from severe water stress and extreme temperatures, particularly during the dry season (Couralet
et al., 2013; Luse Belanganayi, Angoboy Ilondea, et al., 2024). The climatic diagrams of the
study site, from 1981 to 2021, are presented in Figure 1.
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Figure 4-1. Climatic diagrams of the study sites from the Democratic Republic of Congo: (A)
for the Luki biosphere reserve, (B) for the Yangambi biosphere reserve. Monthly
averages of precipitation (bars) and temperatures (green: average, black: minimum,
red: maximum) from  2013-2022. Data  were obtained from
https://power.larc.nasa.gov/data-access-viewer/.

4.2.2. Monitored trees
We selected 10 abundant tree species from 9 different families, including 4 species from Luki
and 6 species from Yangambi (Table S4 — 1A), specifically for the purpose of collecting
microcores to study cambial activity. For each species, we selected 3 healthy adult individuals
that were well-established in the canopy to minimize the potential effects of varying light
exposure. The morphological characteristics and geographical locations of each of the 18 trees
are provided in Table S4 — 1. Simultaneously, 42 healthy adult trees from 9 species (Table S4
— 1B) at Yangambi, including 3 species that were also micro-cored, were monitored with point
dendrometers (Model TOMST, Measurement resolution 0.27um, temporary resolution 15
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minutes). For the Luki site, dendrometer data from a recent study (Luse Belanganayi, Angoboy
Ilondea, et al., 2024), were used to discuss the link with the xylogenesis data from this study.

4.2.3. Sample collection

Micro-core sampling was conducted from February 14, 2022, to March 13, 2023, in Luki and
from October 1, 2022, to September 23, 2023, in Yangambi. Three microcores were collected
from each monitored tree trunk every 14 days, using a Trephor tool (Rossi, Anfodillo, et al.,
2006) in a downward spiral pattern around the trunk, starting at 175 cm above ground (J. Vieira
et al., 2020). Each 1.5 cm-long microcore included the phloem, the vascular cambium, and a
part of recently formed xylem. Microcores were collected at approximately 10 cm apart to avoid
getting traumatic tissue (Deslauriers et al., 2003). After sampling, the microcores were placed
directly in Eppendorf microtubes with a 50% aqueous ethanol solution (Rossi, Deslauriers, et
al., 2006).

For each individual tree, the diameter at breast height (DBH, measured at 130 cm height) and
the total height were recorded during the initial collection using a diameter tape and a Nikon
Forestry Pro, respectively. At each subsequent micro-core collection, leaf phenological and
reproductive traits—including the proportion of leaves lost, flowers present, and fruits borne—
were estimated through binocular observation and documented. The descriptions of the wood
anatomy for all species are presented in Table S4 — 2 and Fig. S4 — 1, in appendices.

In Yangambi, the dendrometers were installed between May 13 and 14, 2022 and removed on
April 13, 2023. The dendrometer data from Luki utilized in this study are those pushed in Luse
Belanganayi, Angoboy Ilondea, et al. (2024). They span several seasons.

4.2.4. Sample preparation
In the laboratory, each microcore sample was stripped of excess outer bark and wood and
oriented by marking the transverse plane with a pencil under a magnifier at 10 magnification.
The microcores were then placed in histological cassettes, dehydrated, and embedded in
paraffin through successive immersions in 50%, 75%, 96%, and 100% ethanol, followed by D-
limonene and liquid paraffin at 65°C, using a Thermo Microm STP 120 tissue processor.

Each microcore, with the marked plane positioned horizontally on top, was then embedded in
a paraffin matrix cast in a histological cassette using a ‘Leica HistoCore Arcadia’ paraffin
dispenser. The microcores fixed in paraffin blocks were then immersed in water at room
temperature until they were cut with a rotary microtome. Transverse sections of 12—-14 um
thickness were cut with a rotary microtome HistoCore MULTICUT R. After some runs, the
continuous paraffin strip produced was spread on a water surface at 40°C to stretch the sections
and place the films on the microscope slides (Rossi, Deslauriers, et al., 2006). The slides bearing
the sections were placed in an oven at 70°C for 10 minutes, then air-dried for 10 minutes to
allow the albumin to bind the wood sample. Residual paraffin was removed by immersing the
sections in D-limonene and ethanol solutions. Subsequently, the sections were stained using a
water-ethanol solution of Alcian Blue (1%) and Safranin O (1%). This staining method allows
for clear differentiation between lignified tissues, which are stained pink to red by Safranin, and
non-lignified cell walls, which are stained blue by Alcian Blue. Sections were permanently
mounted using Euparal (Wolberg et al., 2023).
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Histological wood sections were observed under an Olympus BX60 optic microscope with
visible and ultraviolet (UV) light at X100 - 400 magnifications to distinguish each zone of xylem
development. Under visible light, the sections displayed colors attributed to the Safranin/Alcian
blue staining solution, while under UV light, the lignified regions fluoresced with varying
intensities depending on the lignin content (Fig. 4 — 2). In some cases, we combined visible and
UV light to enhance image contrast and highlight the degree of lignification more clearly.

4.2.5. Anatomical observation of cambial activity

On a cross-section, the microcores extracted during the growing season are composed of both
mature cells, including phloem and xylem cells, and immature cells, including initial cambial
cells and those in the elongation and thickening phase (Rossi, Anfodillo, et al., 2006). Mature
xylem cells, fully lignified, have a thick secondary wall that appears pink to red under visible
light (Fig. 4 — 2A & D) and are fluorescent under UV light (Fig. 4 — 2B & C). Phloem cells
have a thinner secondary wall and a larger diameter than xylem fiber cells. Sclerenchyma tissue,
composed of sclereids and fibers, can be found scattered throughout the phloem (Fig. S4 — 2, in
appendices). Cambial cells are characterized by a small diameter and a thin cell wall that
appears blue under visible light and does not exhibit fluorescence under UV light. Enlarging
cells have a larger diameter but still only possess a primary cell wall, displaying the same
response to light as cambial cells. Cells undergoing wall thickening and lignification begin to
show fluorescence under UV light, with an increasingly thick cell wall that shifts from blue to
pink/red under visible light (Fig. 4 — 2).

A high number of cells in the enlarging phase adjacent to the cambium indicates a high (Fig. 4
— 2A & B) to moderate (Fig. 4 — 2C) activity. Conversely, the presence of only a few xylem
cells undergoing secondary wall formation and lignification suggests that the cambium ceased
producing new cells some time ago (Fig. 4 — 2D & Figs. 4 — 3). This is because newly formed
xylem cells continue to develop even after cambial cell production has stopped (Gricar et al.,
2005; Prislan et al., 2016). A dormant cambium (Figs. 4 — 3) is characterized by the cessation
of cell division and a reduction in metabolic activity resulting in no production of new xylem
or phloem: no establishing division plates can be observed at this stage (Prislan et al., 2016).
The cell walls of dormant cambial cells are often slightly thicker compared to their active state
(Figs. 4 — 3). These cells also appear more flattened and compressed compared to their actively
dividing counterparts (Chaffey et al., 1998). In preparation for dormancy, the phloem and axial
and radial parenchyma may accumulate storage materials, such as starch, which can be utilized
when growth resumes under favorable conditions (Guo et al., 2022).
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Y = 3,

Figure 4-2. Cross sections of stems from four of ten study species showing different intensity
of cambial activity. A large number of cells in the enlarging phase near the cambium
indicates a highly ((A) and (B)) to moderately (C) productive stage. In contrast, the
presence of only a few xylem cells undergoing secondary wall formation and
lignification suggests that the cambium stopped producing new cells some time ago
(D). (A) P. balsamifera in visible light (Luki, May 9, 2022), (B) F. elastica in UV
light (Luki, July 18, 2022), (C) T. madagascariense in UV light (Yangambi, October
15, 2022), (D) L. thompsonii in visible light (Yangambi, October 1, 2022). (A) and
(B) Periods of strong cambial activity. (C) Period of moderate cambial activity and
(D) Period of low cambial activity. (A) and (D). Phl = Phloem, Ca = Cambial zone,
Ez = Enlarging zone, Tz = thickening zone, Mz = Mature xylem cells. Scale bars =
100 pm.

Ideally, the start of micro-coring is recommended at the beginning of the growing season, so
that the very last growth-ring boundary is the benchmark for counting cells in all zones of the
new growth ring being formed, including lignified zone (Mz), thickening zone (Tz), enlarging
zone (Ez) and cambial zone (Cz), (Cuny et al., 2015). However, in our study, ring boundaries
were observed only in the S. zenkeri species (Fig. 4 — 3G), and in many cases discontinuous or
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absent. As a result, it was impossible to determine the total radial number of cells in the rings
that may have formed during the study, and to assess the rate of cell lignification over time. We
have therefore used the term ‘developing zone’ (DZ) to refer to the entire area comprising the
cambial zone, enlarging zone, and thickening zone (Rossi, Deslauriers, et al., 2006). We based
our study on anatomical analysis of the developing zone to determine the presence or absence
of cambial activity. Key indicators of this activity include the multiplication of meristematic
cambium cells, the formation of vascular tissue, the expanding of vessel elements, the presence
of enlarging cells, the axial elongation of fibers that interrupt the strict radial pattern of cambial
cells and derivates, and the progression of lignification. A section at the peak of its cambial
activity includes all three subzones of the developing zone (Figs. 4 —2A & B). However, during
other phases of activity, we may find (i) only a cambium undergoing strong or weak
multiplication, (ii) or a cambial zone and an enlarging zone (Fig. 4 —2C), or (iii) a cambial zone
and a thickening zone. Furthermore, in each collection date, we counted the number of cells in
the developing zone along three radial rows of each individual tree sample and averaged them,
avoiding enlarging vessels and defects of thin sections. Variations in this number were analyzed
to describe cambial dynamics throughout the phenological year.
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Figure 4-3. Illustration of cambial dormancy in eight of the ten species studied. What persists
is a cambial zone composed of a few layers of cells, between the phloem and the
xylem. (A) F. elastica (Luki, July 4, 2022); (B) G. giganteum (Luki, May 23, 2022),
(C) O. gore (Luki, May 23, 2022); (D) P. oleosa (Yangambi, June 6, 2023); (E) P.
macrocarpus (Yangambi, October 10, 2022); (F) S. subcordatum (Y angambi, May
20, 2023); (G) S. zenkeri (Yangambi, May 6, 2023), the boundary of the newly
formed ring is visible, distinguished by two flattened cell layers with thick secondary
walls (Green triangle); (H) 7. madagascariense (Yangambi, March 11, 2023).
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4.2.6. Data processing and analysis

To assess the relationship between environmental variables, tree-morphological traits, and
reproductive effort with cambial activity at a biweekly resolution, we fitted a linear mixed-
effects model (LMM) with a Gaussian link function using the R package "lme4" (R Core Team,
2023; Bates et al., 2024). Standardized parameters were obtained by fitting the model on a
standardized version of the dataset. We computed 95% confidence intervals (Cls) and p-values
using a Wald t-distribution approximation. The response variable was the radial number of cells
in the developing zone (No. of cells in the developing zone) while the fixed effects included
mean biweekly temperature (Temp), mean biweekly air relative humidity (RH), total biweekly
precipitation (Precip), mean biweekly vapor pressure deficit (VPD), the proportion of leaves
lost (leaves_lost), the proportion of flowers borne (Flowers), the proportion of fruits borne
(Fruits), and individual trees (Tree). Species were included as a random effect to account for
species-specific effects.

The LMM formulas assessed were:

1) No. of cells in the developing zone ~ Temp + RH + Leaves_lost + Flowers + Fruits + DBH + Height +
Tree + (1|Species)
2) No. of cells in the developing zone ~ Temp * RH + Leaves_lost + Flowers + Fruits + DBH + Height +
Tree + (1|Species)
3) No. of cells in the developing zone ~ VPD + Precip + Leaves_lost + Flowers + Fruits + DBH + Height +
Tree + (1|Species)
4) No. of cells in the developing zone ~ Temp + Precip + RH + Leaves_lost + Flowers + Fruits + DBH +
Height + Tree + (1|Species)
The best model fit was selected by comparing Akaike Information Criterion (AIC; Burnham &
Anderson, 2002) and conditional and marginal coefficients of determination (R?).

This model, as detailed in the results, demonstrated significant explanatory power, with a high
conditional R? value. However, the marginal R?, representing the contribution of fixed effects
alone, was very low. To address this, we explored species-specific models on a species-by-
species basis. The LMM was formulated as follows:

No. of cells in the developing zone ~ Temp + RH + Leaves lost + Flowers + Fruits + DBH + Height +
(1/Individual).

The dendrometer data were processed based on Zweifel's zero-growth principle (Zweifel et al.,
2016), as applied in Luse Belanganayi, Ilondea, et al., (2024).

4.3. Results
4.3.1. Cambial activity patterns
We observed several distinct patterns of cambial dynamics among the studied species. Cambial
activity varied between and within the ten species for both sites.

In Luki (Fig. 4 — 4 & 4 — 5), F. elastica exhibits mixed cambial activity, with predominant
resting phases from mid-May to early July 2022 and from early January to mid-February 2023.
G. giganteum displays greater variability, with extended resting periods typically occurring
from early June 2022 to early November 2022. O. gore demonstrates prolonged resting phases
interrupted by brief periods of activity, reflecting pronounced dormancy cycles. This species
has the lowest average biweekly radial number of cells in the developing zone among all species
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studied (mean = 6.30, SD = 2.77), with a coefficient of variation of 44% (Fig. 4 — 5A). P.
balsamifera maintained continuous activity with minimal growth reduction and emerged as the
most active species across both sites. It has the highest average biweekly radial number of cells
in the developing zone (mean = 23.07, SD = 6.48) and the lowest coefficient of variation (CV
=28.07%) (Fig. 4 — 5A).

In Yangambi (Fig. 4 — 4 and 4 — 5), the variability in cambial activity patterns is more
pronounced, even within the same species. L. thompsonii and T. madagascariense exhibit
relatively consistent cambial activity throughout the year, with only brief resting phases. P.
oleosa shows mixed activity characterized by high intraspecific variability. P. macrocarpus and
S. zenkeri tend to have more extended resting periods. S. subcordatum is most active from early
October to early November 2022 and from late February to mid-March 2023, while remaining
from time to time active during other periods.
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beginning and end of each month. Vertical red lines represent the onset and end of
the dry season in Luki, as well as the start and end of the period with low monthly

Figure 4-4. Overview of Cambial Activity for Study Species, exhibiting the number of trees
rainfall (<150mm) in Yangambi.
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Figure 4-5. Annual variation in the radial number of cells in the developing zone. (A) The box
plots display the median (horizontal line within the box), the 25th and 75th
percentiles (lower and upper edges of the box), of data grouped by species. The
vertical lines extending from the box represent the minimum and maximum values,
the red dot indicates the mean value, and the black dots denote outliers. (B) The dots
represent raw data, with red dots indicating a dormant cambium and green dots
indicating an active cambium. The solid lines represent the fitted LOESS (locally
estimated scatterplot smoothing) curve, and the shaded area represents the 95%

confidence interval.
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The dendrometer data from Yangambi indicate that on an annual basis, there is no clear
evidence of an overall seasonal dormancy. However, as revealed through the analysis of
cambial zone cross-sections, each individual tree exhibits a period of rest, which can be as short
as possible, with the timing varying between individuals, even within the same species (Fig. 4
— 6B & C). For more information, please refer to the supporting information (Figs. S4 — 3, in
appendices), where we provide a binary graph for each tree, showing the occurrence of hourly
growth throughout the year. On a diel basis, most trees begin increasing their radial increment
rate around 4 p.m., with the increment peaking at approximately 6 a.m. After this peak, the
increment rate declines sharply, dropping off by 1 p.m., and remains close to zero until 4 p.m

(Fig. 4 - 5A).
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Figure 4-6. Radial Growth dynamics from dendrometer measurements in Yangambi. (A, B)
Boxplots show hourly (A) and monthly (B) radial increment rates (um), with the
median (horizontal line), 25th and 75th percentiles (box edges), minimum and
maximum values (whiskers), mean (red dot), and outliers (black dots) for all tree
individuals. (C) Cumulative annual growth curves represent the daily contributions to
total annual radial growth (um) for each tree.
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According to the findings of Luse Belanganayi, Angoboy Ilondea, et al., (2024), trees at Luki
exhibit a slightly different diel growth pattern, with radial increment rates beginning to rise
around 6 p.m., peaking between 6 and 9 a.m., and then declining sharply until noon, followed
by near-zero growth throughout the afternoon. Annually, growth shows pronounced seasonal
variation tied to the wet and dry seasons. Growth is generally rapid during the rainy season,
which typically extends from mid-September to mid-May. However, a marked decline in
growth occurs during the dry season, with many trees either sharply reducing their growth or
stopping altogether. Growth commonly resumes in October and fluctuates between October and
April, depending on species and annual phenological cycles. The seasonal growth patterns were
more pronounced in deciduous species, such as 7. superba and H. gabunense, which displayed
longer and clearer dormancy during the dry season. In contrast, evergreen species such as F.
elastica, G. giganteum, and G. suaveolens exhibited only a brief slowdown or interruption in
growth, rather than complete cessation. Figures S4 —4 (in appendices) present the binary graph
for each tree, depicting the occurrence of hourly growth throughout the phenological year.

4.3.2. Species-specific responses to the predictive variables
The LMM to predict radial number of cells in the developing zone including variables
temperature (Temp), relative humidity (RH), the proportion of leaves lost (Leaves lost), the
proportion of flowers borne (Flowers), the proportion of fruits borne (Fruits) and individual tree
as fixed effects, and tree species as random effects, produced the best fit (Showing the lowest
AIC) (table S4 — 3):

No. of cells in the developing zone ~ Temp + RH + Leaves_lost + Flowers + Fruits + DBH + Height + Individual
+ (1|Species)

The model's overall explanatory power is substantial, with a conditional R? of 0.81. The portion
attributed to the fixed effects alone (marginal R?) is 0.16. Within this model, we identified a
significant and positive effect of relative humidity (RH) and a significant and negative effect of
the proportion of leaves lost.

The model explains 81% of the variance in the response variable, ‘number of cells in the
developing zone, when both fixed effects and the random effect of species are considered. This
high level of explanatory power suggests that the combination of fixed and random effects is
effective in modeling the data. However, the fixed effects alone account for only 16% of the
variance. The substantial difference between the conditional and marginal R? values, combined
with the observation that most levels of the 'tree individual' factor show non-significant effects,
suggests that the influence of fixed effects on the response variable varies significantly across
species. In light of this, we explored species-specific models rather than adopting a one-size-
fits-all approach. The LMM assessed on a species-by-species basis was as follows:

No. of cells in the developing zone ~ Temp + RH + Leaves_lost + Flowers + Fruits + DBH + Height +
(1[Individual)

The model highlights the diversity in cambial activity responses among the studied species,
with some showing strong sensitivities to environmental conditions, morphological traits and
reproduction effort, while others maintain more stable growth patterns (Table 4 — 1 and table
S4 —4).
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Table 4-1. Significance of predictor variables on the radial number of cells in the developing

zone.
Species Site Significant negative effect  Significant positive effect
P. balsamifera  Luki Proportion of flowers borne  Temperature
Proportion of fruits borne Tree height
DBH
P. macrocarpus  Yangambi  Proportion of flowers borne DBH
Relative humidity
Temperature
Tree height
G. giganteum Luki Proportion of leaves lost Temperature
DBH Tree height
L. thompsonii Yangambi DBH Proportion of fruits borne
Tree height
O. gore Luki Proportion of fruits borne
Relative humidity
Temperature
S. zenkeri Yangambi DBH Proportion of fruits borne
Tree height
P. oleosa Yangambi Proportion of leaves lost
S. subcordatum  Yangambi Tree height

The species can be categorized based on the significance of the effects of the predictor variables
and the types of these variables (environmental variables, morphological traits, and
reproductive effort) in four categories: 1) Species with mixed response: G. giganteum, P.
balsamifera, and P. macrocarpus. These species show significant responses across all three
categories of predictor variables: environmental variables, morphological traits, and
reproductive effort. 2) Species with selective response: L. thompsonii, O. gore, and S. zenkeri.
These species show significant responses to two out of the three categories of predictor
variables. 3) Species with specialized response: P. oleosa and S. subcordatum. These species
respond significantly to only one category of predictor variables. 4) Resilient species: Funtumia
elastica and T. madagascariense. These species show non-significant effects across all factors,
suggesting a stable cambial phenology dynamic that is less responsive to the environmental
variables and tree traits considered in this study.

4.3.3. Site effects
Based on observations of the species according to their site (Luki and Yangambi), different
patterns emerge. Luki species (F. elastica, G. giganteum, O. gore and P. balsamifera) appear
to be more sensitive to climatic variables than Yangambi species (L. thompsonii, P.
macrocarpus, P. oleosa, S. subcordatum, S. zenkeri, and Trilepisium madagascariense), which
appear to be less sensitive to climatic variables but more sensitive to reproductive efforts and
morphological traits (Table 4 — 1). The species from Luki show a variety of response types,
with some being highly sensitive across all predictor categories (G. giganteum, P. balsamifera)
and others being more selective (O. gore) or resilient (F. elastica). The species from Yangambi
tend to show more specialized or selective responses, compared to the Luki species. This could
indicate a more stable or uniform environment where species have evolved to respond strongly
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to a limited set of conditions or traits, with species P. macrocarpus being more adaptable across
arange of conditions, while others are more selective (L. thompsonii and S. zenkeri), specialized
(P. oleosa and S. subcordatum) or resilient (7. madagascariense) to specific factors.

4.4. Discussion
4.4.1. Cambial activity patterns

Our results show that there was no synchronicity in cambial dynamics among the species
studied, with a higher asynchrony in Yangambi as compared to Luki (Fig. 4 — 4 and Table 4 —
1). Dormancy timing and duration varies widely not only across both Luki and Yangambi sites,
but also between species and among individual trees within species. Some individuals,
independently of the site, remain active year-round (e.g. P. balsamifera) or almost (certain
individuals of F. elastica, L. thompsonii, and T. madagascariense), while others experience
dormancy during specific periods, which differ from tree to tree. Although asynchronous
cambial activity has also been observed in Parkia velutina in French Guiana (Morel et al.,
2015), a periodic annual cambial activity, strongly influenced by rainfall seasonality, is more
commonly reported for tropical forest species of south America (Callado et al., 2013).

4.4.2. Scope of environmental variables, morphological traits and
reproductive efforts on cambial activity
The present study reveals complex and varied cases of cambial dynamics, with no uniform
pattern of dormancy with seasonal changes. The scope of influence for environmental variables,
morphological traits, and reproductive efforts varies across species, reflecting their unique
adaptations and ecological strategies (Fig. 4 —4 & Fig. 4 - 5).

We found that environmental variables such as temperature and RH play a crucial role in
determining the overall habitat suitability and stress levels that species experience. Temperature
has been shown to have significant effects on cambial activity in several species. The G.
giganteum, P. balsamifera, and P. macrocarpus species showed positive responses to
temperature, indicating that warmer conditions favor their growth. However, some species like
O. gore and S. zenkeri showed negative responses, suggesting that higher temperatures might
be stressful or detrimental to them. The rest of the species showed no significant response to
the temperature. This suggest that, like for photosynthesis, whose temperature dependence
varies according to growing environment and species (Medlyn et al., 2002), cambial activity
has an optimal temperature range for high activity, depending on species.

RH significantly affects the cambial activity of only two species: P. macrocarpus from
Yangambi and O. gore from Luki. High RH levels were beneficial for P. macrocarpus (Table
1). In contrast, for O. gore, higher relative humidity levels were associated with reduced cambial
activity. Both study Luki and Yangambi experience stable RH levels that are generally
favorable to tree growth (Couralet et al., 2013). Luki's stability is due to its proximity to the
ocean and hilly terrain (Lubini, 1997; Sénéchal et al., 1989), while Yangambi's is a result of the
absence of a clearly defined dry season (Luse Belanganayi, Delvaux, et al., 2024). The
sensitivity of these two species to RH, although not a limiting factor in the two study sites,
suggests that these two species are more demanding with regard to humidity than the others.
Precipitation and VPD had non-significant effects across the species (Table 4 — 1). This suggests
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that while these variables are important, they may not be the primary drivers of species cambial
activity in the analyzed environments. Instead, other factors might buffer or modulate their
impact, making them non-limiting.

Morphological traits (DBH and tree height) are often indicative of a species' competitive ability,
resource allocation strategies, and overall fitness in their respective environments. A tree's
height is a key factor in determining its access to light (Philippon et al., 2019). We found that
tree height is a critical factor influencing cambial activity in several species, including G.
giganteum, L. thompsonii, P. macrocarpus, P. balsamifera, S. zenkeri, and S. subcordatum,
most of which are native to Yangambi. Except for S. zenkeri, cambial activity of all the above
species showed a significant positive correlation with tree height, meaning that taller trees had
more cell production, likely due to advantages in light acquisition and reduced competition
(Fransson et al., 2021). Tree height's positive correlation with cambial activity underscores its
importance in species survival and competitive strategy. In a recent study, Fernandez-de-Ufia
et al. (2023) showed that taller trees have a more efficient water use, enhanced water transport,
and increased water uptake and storage capacity. These adaptations help mitigate the decline in
water potential associated with greater height, enabling taller trees to endure periods of water
stress. Exception in S. zenkeri where shorter trees exhibit better cambial activity, likely results
from a combination of resource allocation strategies, environmental conditions, and
physiological trade-offs.

The factor DBH resulted in mixed responses on cambial activity across species. Many species,
including G. giganteum, L. thompsonii, P. balsamifera, and S. zenkeri displayed significant
negative responses to DBH, suggesting that while increasing DBH might indicate maturity, it
may also come at the cost of growth processes (Speer, 2010). In contrast, P. macrocarpus
exhibited a positive response to DBH. This may again result from a combination of resource
allocation strategies, environmental conditions, and physiological trade-offs. For larger trees,
greater access to resources like light and nutrients can be sufficient to enhance cambial activity
(Stephenson et al., 2014).

We found that production of flowers and fruits was a key factor for cambial activity of several
species (Table 2). P. balsamifera species exhibited negative responses to both flower and fruit
production, while O. gore and P. macrocarpus species exhibited negative responses to fruit and
flower production respectively. This suggests a trade-off where energy is diverted from
reproduction to survival or growth. In general, reproductive efforts encompass the allocation of
resources to reproductive activities, such as the production of flowers and fruits. These efforts
are crucial for species survival and propagation, influencing both individual fitness and
population dynamics (Lovett Doust, 1989). We found, in contrast, that L. thompsonii and S.
zenkeri responded positively to fruit production. This may suggest that these species had
adequate access to resources and face minimal competition.

We observed a negative response to leaf shedding in G. giganteum and a positive response in
P. oleosa. Leaf shedding can serve as a resource-saving strategy under unfavorable
environmental conditions, such as low temperature or drought (Pineda-Garcia et al., 2013).
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Depending on the degree of physiological strain it places on the tree, leaf shedding can result
in reduced or even stunted growth (Lohbeck et al., 2015).

F. elastica and T. madagascariense, exhibited non-significant responses across all categories,
indicating a high degree of resilience or indifference to changes in the environmental conditions,
morphological traits, and reproductive effort.
4.4.3. Site-specific observations

The species from Luki show a range of responses, from highly sensitive (G. giganteum and P.
balsamifera) to more selective (O. gore) and resilient (F. elastica) (Luse Belanganayi, Angoboy
Ilondea, et al., 2024). This diversity suggests that the Luki site may be influenced by variable
environmental conditions, potentially encouraging species to adapt across multiple conditions
or specialize in specific strategies to thrive. The coexistence of both highly adaptive and more
resilient species could indicate that Luki trees incorporate a broader range of environmental
signals in their lignified tissues compared to Yangambi trees. However, this interpretation
remains hypothetical and warrants further investigation to confirm these patterns. The lack of
low activity in some trees along the entire growing year (e.g. Ongokea gore), probably suggests
the presence of missing rings, frequently observed in Luki (Hubau et al., 2019; Luse
Belanganayi, Delvaux, et al., 2024).

The species from Yangambi generally exhibit more specialized or selective responses, with
some species focusing on specific morphological traits (S. subcordatum) or reproductive efforts
(P. oleosa). The mixed-response species, P. macrocarpus, still show sensitivity across multiple
categories, however, the overall trend at Yangambi suggests that each species responds to its
own specific ecological variables. The trend toward specialization in Yangambi suggests that
this site may provide a more stable environment, allowing species to fine-tune their responses
to specific conditions. This specialization might indicate less competitive pressure or less
seasonality, enabling species to optimize certain aspects of their growth or reproduction.

4.4.4. Comparing dendrometers measurements and cambial zone analysis
Dendrometers measure tree secondary growth with high temporal resolution, capturing data
every few minutes over extended periods. However, they may not always reflect precise cellular
growth due to the influence of stem swelling and shrinkage from water uptake, potentially
leading to confusion between actual growth and swelling (Mencuccini et al., 2017) and between
shrinkage and cambium rest. For instance, at Luki, the decline in growth during the dry season
may reflect reduced water availability rather than a true cessation of cambial activity. Studies
of cambial activity, although limited by the lower temporal resolution of biweekly sampling,
provide detailed insights into the precise physiological phases of growth and dormancy.
However, some information is inevitably lost between sampling dates. This is where
dendrometers play a crucial role, as they help bridge these gaps as best as possible. In our case,
the cambial monitoring offers detailed insights, such as prolonged dormancy in P. oleosa and
S. zenkeri, and extended dormancy in S. subcordatum and O. gore, which dendrometers may
miss. Cambial zone analysis also reveals ring formation and provides more accurate data on
growth cessation. For example, S. zenkeri shows specific ring boundaries, and P. balsamifera,
though active year-round, shows consistent cambial cell production. Together, these methods
complement each other, with dendrometers offering a broad overview and cambial zone
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analysis providing finer physiological detail, giving a fuller understanding of tree secondary
growth in different environments.

4.5. Conclusion
This study offers an overview of tree secondary growth in two distinct forest environments of

the Congo Basin, showing species-specific and individual specific cambial activity. Our results
reveal that cambial dynamics are complex and varied, with no consistent pattern of dormancy
across or within species. Some trees exhibit irregular cambial activity, alternating between
periods of cell division and rest, while others maintain continuous activity year-round. As a
result, there is no uniform period when cambial activity reaches its peak. This unique behavior
suggests significant resilience among these trees. Trees in Luki and Yangambi exhibit varied
responses to climate fluctuations, driven by species-specific adaptations. In both regions,
temperature plays a crucial role in cambial activity, with some species benefiting from warmer
conditions, while others experience stress. Humidity, although stable in both areas, significantly
affects only a few species. Overall, tree growth is optimized within certain environmental
thresholds, with morphological traits like height positively influencing cambial activity.
However, reproductive efforts and traits like diameter showed mixed effects, indicating
complex trade-offs between growth, resource allocation, and survival strategies. Luki species
are more sensitive to climatic factors, while Yangambi species focus on morphological traits
and reproductive efforts, demonstrating resilience to climatic variations but sensitivity to
internal growth dynamics. Further research is needed to explore the connections between
cambial activity and the tree’s environment to clarify their interrelationships.
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5.1. Key Findings and possible limitations of the results
This study has provided an integrated examination of secondary growth in tropical tree species
of the Congo Basin, encompassing the diel and annual rhythms of stem size changes (Chapter
2), growth periodicity in semi-deciduous tropical forests (Chapter 3), and cambial phenology
of woody species (Chapter 4). By synthesizing these distinct but interconnected aspects, we
gain a clearer understanding of how environmental variables, tree physiology, and growth
patterns interact to shape the dynamics of tree secondary growth in tropical rainforests.

In Chapter 2, the diel stem size changes demonstrated strong correlations with environmental
variables, particularly vapor pressure deficit (VPD) and relative humidity (RH). The results
indicated that most trees maximized their increment rate during the nighttime when VPD was
low and RH was high, with peak growth occurring between 6 pm and 9 am. Annual growth
patterns, on the other hand, were characterized by rapid growth during the rainy season, with
most trees ceasing growth in the dry season. This diel and annual rhythm highlights the
significant influence of climatic conditions on tree growth, suggesting a high sensitivity of
secondary growth to water availability and atmospheric demand. The differences in growth
rhythms between deciduous and evergreen species underscore a key ecological differentiation:
deciduous species exhibited more pronounced growth cessation during the dry season, while
evergreen species maintained continuous but reduced growth. These findings align with the
hypothesis that evergreen species are better adapted to persist in dry conditions by modulating
their water use efficiency and photosynthetic activity (Worbes, 1999). However, these findings
are drawn from a relatively small sample size and should be viewed cautiously. Additional
research with more extensive datasets would be beneficial to validate these patterns and enhance
the robustness of the analysis.

Chapter 3 expanded upon these findings by examining the periodicity of growth ring formation
in both deciduous and evergreen species, using the cambial marking technique. This chapter
highlighted the variability of growth-ring periodicity across different individuals and sites, with
trees in Luki, site with clearly defined dry season, displaying more regular growth-ring
formation compared to those in Yangambi, the site without clearly defined dry season. These
differences suggest that local environmental conditions, such as rainfall patterns and soil
moisture availability, significantly influence the regularity of cambial activity and ring
formation. While some species displayed distinct growth rings, others exhibited indistinct
boundaries, reflecting variability in tree species' responses to seasonal environmental cues. The
presence of clear growth rings in some individuals, such as Carapa procera and Prioria
oxyphylla, points to periodic cambial activity, likely driven by seasonal fluctuations in
temperature and precipitation. This periodicity was less pronounced in other species, indicating
a more continuous or erratic growth pattern that may be influenced by microenvironmental
factors or individual tree physiology. Nonetheless, these results are derived from observations
conducted over a relatively brief timeframe (two phenological years). Extended studies over
longer periods are necessary to provide deeper insights.

In Chapter 4, the focus shifted to cambial phenology, revealing distinct patterns of cambial
activity among the studied species. The temporal variations in cambial dynamics were closely
linked to environmental variables, particularly temperature and humidity, as well as tree-
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specific traits, such as height, diameter, and reproductive effort. For instance, species like
Funtumia elastica and Prioria balsamifera displayed continuous cambial activity throughout
the year, while others, such as Ganophyllum giganteum, exhibited extended periods of
dormancy. Importantly, the study found that species from different sites (Luki vs. Yangambi)
responded differently to environmental factors. Luki species were more sensitive to climatic
variables, particularly humidity (chapter 2, (Luse Belanganayi, Angoboy Ilondea, et al., 2024))
and temperature, while Yangambi species appeared more influenced by reproductive effort and
morphological traits (Chapiter. 2 and Chapter 4). This highlights the need to account for both
regional climatic conditions and species-specific responses when studying secondary growth in
tropical forests. We remain convinced that additional research is needed to gain a more
comprehensive understanding of the interactions between Congo Basin trees and their
environment.

5.2. Strengths, limitations, and issues in applied methodologies

The three methodological approaches used in this thesis—stem size measurements, growth ring
analysis, and cambial phenology monitoring—are highly complementary for most species.
Each approach provides a unique perspective on secondary growth, allowing for a more
comprehensive understanding of tree growth dynamics in the Congo Basin. Among the three
approaches, cambial phenology monitoring stands out for its precision. It consistently provides
the most accurate and detailed insights, especially in distinguishing between actual growth and
water-related swelling.

Unlike the other two methods, cambial marking, as applied in our study with a single marking,
mainly allows for the observation of growth ring formation and its periodicity. When applied
on a weekly or biweekly basis, it can provide more detailed information. However, this method
is often destructive, as it frequently necessitates felling the tree at the end of the study to analyze
the discs containing the markings (De Mil et al., 2017).

The use of dendrometers and cambial zone analysis allows for the monitoring of secondary
growth at fine scales over extended periods. Both methods come with distinct advantages and
limitations. When used in tandem, they offer a comprehensive view of secondary growth.

The comparison between the results obtained from point dendrometers and cambial activity
studies provides valuable insights into the dynamics of tree growth at both Luki and Yangambi.
Each method brings its own advantages, while also highlighting the complexity of tree growth
patterns across different species and sites.

Dendrometers offer the advantage of measuring tree secondary growth with extremely high
temporal resolution, capturing data every few minutes and covering extended periods of up to
several phenological years. However, this method, which primarily tracks stem swelling and
shrinkage, can be influenced by water uptake, particularly during stress periods, potentially
leading to confusion between actual growth and temporary swelling, or between dormancy and
water stress (Mencuccini et al., 2017). For example, in Luki, the sharp decline in growth during
the dry season may not reflect a true cessation of cambial activity but rather reduced stem
swelling due to limited water availability.
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Cambial activity studies, on the other hand, provide a more detailed understanding of annual
growth, though with a lower temporal resolution due to the need to preserve tree health and the
complexity of sample processing (Rossi, Deslauriers, et al., 2006). Cambial analysis reveals the
exact physiological phases when cellular growth halts, which explains why dendrometers often
show more continuous growth periods, while cambial zone analysis indicates more intermittent
patterns at the cellular level. However, since the microcores used for the cambial zone analysis
were collected biweekly, events occurring between these collection intervals may be missed.
Hence this gap can be partially filled by the continuous data provided by the dendrometers
(Francon et al., 2024), offering a more complete picture of growth dynamics. Microcores also
have the disadvantage of being sampled from different locations, which can lead to
circumferential variations and a limited representativeness of the sampling area.

Species monitored with dendrometers at both Luki and Yangambi display distinct, species-
specific growth patterns. The cambial zone study adds precision to these observations,
especially in revealing dormancy periods that dendrometers may fail to capture accurately. For
instance, species such as P. oleosa and S. zenkeri experience prolonged dormancy not always
detected by dendrometers. Similarly, in S. subcordatum and O. gore, dendrometer data may
suggest low growth, whereas cambial analysis reveals extended dormancy. This suggests that
dendrometers capture external stem fluctuations, such as swelling from water movement, which
may obscure periods of true growth cessation. Cambial zone analysis, therefore, provides a
more precise understanding of these critical phases.

The cambial analysis also reveals ring formation patterns that dendrometers cannot detect,
providing insight into wood structure and growth history. For instance, S. zenkeri displayed ring
boundaries at specific times during the year, reflecting periods of cellular growth and rest. P.
balsamifera, being the most active species in both studies, corroborates the dendrometer
findings of continuous growth, but cambial studies provide more granular details about the
timing and consistency of cambial cell production.

Together, these two methods complement each other well. Dendrometers provide a broad,
continuous overview of tree growth dynamics, while cambial activity studies offer a finer
resolution of the cellular processes driving that growth. By combining these two approaches, a
more complete understanding of tree growth behavior in response to environmental conditions
can be achieved, as demonstrated by the contrasting results from both Luki and Yangambi.

5.3. Responses to the key research questions
The various findings from this study allow us to propose answers to the key research questions
outlined in this thesis.

5.3.1. Is there a dormant period in the tree growth cycle?
Yes, a dormant period exists, but its occurrence and duration vary significantly between the two
study sites due to their contrasting climates, and within species.

In Luki, where there is a pronounced dry season (May to September), many trees exhibit a well-
defined dormancy during this period, particularly deciduous species like Terminalia superba.
In contrast, in Yangambi, where there is no distinct dry season, most species show continuous
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growth or only brief interruptions (Luse Belanganayi, Angoboy Ilondea, et al., 2024). This
aligns with the Af climate’s more consistent rainfall and higher humidity throughout the year.

Furthermore, the deciduous species in Luki exhibit more pronounced dormancy, whereas
evergreen species in both locations maintain low-level growth year-round, although with
reduced rates during the drier months in Luki (Luse Belanganayi, Angoboy Ilondea, et al.,
2024).

5.3.2. What is the timing and length of both dormancy and growing
season?
The timing and duration of dormancy, as well as the growing season, are influenced not only
by climatic differences between Luki and Yangambi but also, very likely, by intrinsic factors
specific to each tree and/or species. This is further supported by the inter- and intraspecific
variability highlighted in Chapters 2, 3, and 4 of this work, though these factors remain to be
fully elucidated.

In Luki (Aw climate), southern hemisphere, the growing season typically starts in October with
the return of the rains and extends until April or May, depending on the species. For species
that experience seasonal dormancy, this period coincides with the dry season from May to
September, during which growth sharply reduces or ceases entirely, particularly in deciduous
trees (Angoboy Ilondea et al., 2021; Luse Belanganayi, Angoboy Ilondea, et al., 2024).

In Yangambi (Af climate): Given the lack of a distinct dry season, growth tends to be more
continuous, with minor fluctuations in response to brief dry periods (December to February).
Species in Yangambi generally exhibit less pronounced dormancy or slower growth rates during
these months, but complete cessation is uncommon.

As revealed in Chapter 2 and confirmed in Chapter 4, dormancy lacks synchronicity between
species. This pattern is also evident at the intraspecific level for certain species. Numerous
variations are observed, including trees with dormancy overlapping much of the dry season,
trees that remain nearly inactive year-round, trees with alternating periods of rest and activity
throughout the year, and trees that are nearly active all year. These variations sometimes occur
regardless of the site or climate type. Similar kinds of asynchronicity has been previously
observed in some studies conducted in tropical forests across South America (Callado et al.,
2013; Morel et al., 2015), Asia (Pumijumnong & Buajan, 2013; Rahman et al., 2019), and the
Congo Basin (De Mil et al., 2019; Angoboy Ilondea et al., 2021).

These observations underscore the complexity and variability of cambial phenology in tropical
forests, particularly in the Congo Basin, highlighting the significant influence of environmental
factors and intrinsic species-specific traits, and indicating that further research is needed.

5.3.3. How is the growth cycle influenced by climatic variables?
Climatic factors such as rainfall, VPD, and temperature have different effects in Luki and
Yangambi.

In Luki, the distinct dry season leads to greater stress on trees during the dry months, as
evidenced by higher VPD and lower RH. These conditions reduce cambial activity and induce
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dormancy, especially in deciduous species. Rainfall during the wet season triggers a resumption
of growth, particularly in October, as trees respond to improved moisture conditions.

In Yangambi, more consistent rainfall and humidity throughout the year mean that trees
experience fewer environmental stressors that would induce dormancy. This results in more
continuous cambial activity, with only slight reductions in growth during the drier months from
December to February.

Chapter 4 demonstrated that trees in Luki appeared more responsive to climatic variations,
showing stronger correlations between cambial activity and humidity levels. In contrast, trees
in Yangambi were less affected by seasonal fluctuations in rainfall and VPD, likely due to
differences in the range of environmental conditions studied at the two sites. This confirms the
role of rainfall in driving growth dynamics in tropical environments, as highlighted in previous
studies (Worbes, 1999; S. Vieira et al., 2004; Brienen & Zuidema, 2005; Gliniars et al., 2013),
while also highlighting that it is not the sole factor influencing these dynamics.

5.3.4. What anatomical marks does the growth cycle leave on the wood?

The secondary growth cycles of trees in Luki and Yangambi differ significantly due to their
contrasting climates. In Luki, the relatively stronger seasonality induces a well-defined
dormancy period in many species, leaving more periodically clear anatomical marks such as
growth rings. In contrast, Yangambi's more stable climate results in less periodic growth-ring
formation. The findings from Chapter 3, which provided the most reliable data on cambial
phenology, reinforce these differences, with trees in Luki being more sensitive to environmental
changes compared to those in Yangambi (Luse Belanganayi, Delvaux, et al., 2024).

However, it is important to emphasize that dormancy does not always manifest as a distinct ring
boundary. Nevertheless, it appears to be a crucial resting phase in the tree's developmental
cycle. At our study site, although trees may enter dormancy, this does not always result in the
formation of a visible growth ring boundary. Visible ring boundaries typically occur when
environmental conditions become unfavorable for growth, as is seasonally common in
temperate and boreal regions (Rathgeber et al., 2016; Tumajer & Lehejcek, 2019). However, in
tropical environments like ours, where environmental stress is not strongly marked, trees can
experience dormancy without producing distinct ring boundaries. Conversely, they can produce
multiple growth rings within a single year when subjected to unexpected stress (Worbes, 1999;
Luse Belanganayi, Delvaux, et al., 2024).

54. Broader relevance of this research and findings
5.4.1. Complementarity with other research methodologies
Understanding secondary growth dynamics in tropical forests is crucial for refining our
knowledge of carbon sequestration, forest productivity, and climate change resilience. The three
core chapters of this thesis (Chapters 2, 3 and 4) offer a detailed, mechanistic perspective on
tree growth dynamics, which is highly complementary to various large-scale forest monitoring
and modeling approaches. Below, is discussed how the findings of this thesis integrate with and
enhance other research fields, including carbon sink estimations by traditional long-term forest
measurements, flux tower data, and remote sensing technologies.
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Permanent inventory plots provide valuable long-term data on tree growth and biomass
accumulation, typically measured through diameter at breast height (DBH) increments at annual
or multi-year intervals. However, these measurements do not capture the intra-annual variability
in stem growth, nor do they distinguish stem swelling due to water storage from true radial
growth (Brown, 2002; Gibbs et al., 2007). This thesis, particularly, helps disentangle these
effects by linking cambial activity and wood formation to observed stem fluctuations. By
incorporating high-frequency dendrometer data and cambial activity timing into carbon sink
models, my research enhances the accuracy of biomass increment calculations and aids in
interpreting discrepancies in long-term DBH measurements.

Eddy covariance flux towers measure net ecosystem exchange (NEE) by tracking CO- fluxes
between forests and the atmosphere, providing insights into gross primary productivity (GPP)
and respiration (Reco). However, flux tower data primarily estimate carbon uptake at the
ecosystem level and do not directly quantify carbon allocation into different tree compartments
(leaves, stems, roots, etc.) (Aubinet et al., 2012). The finding of this thesis on cambial
phenology and intra-annual growth periodicity adds a crucial missing link by revealing when
and how trees allocate carbon to secondary growth. Seasonal shifts in cambial activity can help
explain mismatches between carbon uptake (photosynthesis) and stem growth, improving
carbon allocation models.

Remote sensing technologies, particularly Airborne LiDAR Scanning (ALS) (Xiang et al.,
2024) and Terrestrial LIDAR Scanning (TLS) (Calders et al., 2015; Liang et al., 2016) provide
high-resolution, 3D forest structure data, revolutionizing forest biomass estimation and growth
monitoring. While ALS is excellent for assessing canopy structure and large-scale forest
dynamics (Maltamo et al., 2014), it lacks the temporal resolution to track seasonal and diel stem
growth variations. TLS, which offers detailed tree-level structural data (Calders et al., 2015),
could greatly benefit from the integration of cambial activity insights to distinguish true growth
increments from temporary changes in stem size (e.g., water-related swelling). This thesis
provides a physiological basis to interpret LiDAR-derived growth estimates, ensuring that
observed changes in tree structure reflect actual wood formation rather than transient
fluctuations.

5.4.2. Complementarity with others research findings

Tree growth in tropical forests is driven by a complex interplay of environmental factors,
morphological traits, reproductive efforts, and resource allocation strategies. This thesis
investigates these dynamics by analyzing the timing of cambial activity and the influence of
climatic conditions, particularly temperature, rainfall, vapor pressure deficit (VPD), and relative
humidity (RH). By comparing the key findings of this research with previous studies, I aim to
position them within the broader framework of tropical forest ecology and identify the primary
drivers of growth variability in the Congo Basin.

5.4.2.1. Dormancy and Growth Rhythms
This thesis identifies distinct periods of dormancy in studied trees, which, while not

synchronous across all trees, are closely linked to seasonal variations in water availability. This
observation is consistent with findings from Worbes, (1999) and Locosselli et al., (2020), who
reported that growth cessation in tropical trees often coincides with dry periods and that species
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growing in areas with a pronounced dry season exhibit more distinct growth rings. This
periodicity suggests that water availability is a primary driver of growth cycles in tropical
forests. However, while rainfall is a key determinant, dormancy in some species appears to be
influenced by other environmental cues, including temperature and atmospheric conditions.
This thesis highlights that trees in relatively aseasonal regions can still experience growth
slowdowns, potentially linked to high evaporative demand (VPD) and shifts in carbon
allocation strategies.

While seasonal growth patterns exist, they do not show a distinct peak across species at the
seasonal level. Instead, stem size variations are primarily driven by daily water balance
dynamics, particularly reversible stem contractions and expansions, rather than a clear seasonal
growth peak.

Our results indicate that peak growth timing is not fully synchronized across species, especially
in less-seasonal forests. In a site like Yangambi, where climatic conditions are more stable, the
weaker seasonality may promote greater diversification in growth phenologies, with species
occupying different phenological niches. This desynchronization in growth peaks could
enhance species coexistence by reducing direct competition for resources and distributing
growth activity over time.

If this holds true, species in Yangambi would exhibit a broader range of growth timing than
those in Luki, where seasonality is stronger, and growth synchronization is higher. This suggests
that in Yangambi, species may be more temporally segregated in their cambial activity,
potentially supporting greater species diversity by minimizing competition during peak growth
phases.

5.4.2.2. Temperature and rainfall

Temperature influences tree growth through its effects on metabolism, respiration, and carbon
assimilation (Feeley et al., 2020). This thesis found a statistically significant negative
interaction between temperature and rainfall, suggesting that high temperatures can mitigate the
positive effects of precipitation on growth. This aligns with Schippers et al. (2015), who
demonstrated that while moderate warming may enhance growth in some tropical species,
excessive heat can increase respiration rates, reducing the net carbon gain. In this thesis, it was
found that temperature sensitivity varies across species, highlighting the diversity of responses
to climate fluctuations in the studied regions. This aligns with the study by Choury et al., (2022),
which investigated Australian rainforest seedlings from tropical, subtropical, and warm-
temperate climates. The study found that tropical and subtropical species had higher optimal
temperatures for photosynthesis compared to temperate species. Furthermore, tropical and
subtropical species exhibited a greater rate of acclimation to warmer growing conditions,
highlighting variability in temperature sensitivity among species.

However, findings from different studies highlight variations in how temperature metrics—
maximum, minimum, and average temperatures—affect forest productivity, biomass
accumulation, and growth.

Hubau et al. (2020) reported a significant negative effect of mean annual temperature on carbon
gains in tropical forests, suggesting that long-term warming could lead to reduced forest
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productivity. This finding aligns with the general expectation that higher temperatures may
accelerate respiration rates, increase evapotranspiration, and lead to water stress, ultimately
limiting carbon sequestration. In contrast, Sullivan et al. (2020) provided a more detailed
analysis of tropical forests’ long-term thermal sensitivity, using repeated diameter
measurements. Their study found that maximum temperature is the most critical predictor of
above-ground biomass loss, primarily through its negative impact on woody productivity.
Notably, the negative effect of maximum temperature was strongest in the hottest forests (above
32.2 °C), implying that temperature-induced growth limitations become more pronounced
beyond a critical thermal threshold. Interestingly, minimum temperature had no significant
effect on biomass or growth, which contrasts with findings from research conducted in a
seasonal tropical forest in Thailand, where both maximum and minimum temperatures were
negatively correlated with growth in certain tree species (Vlam et al., 2014).

These discrepancies suggest that temperature sensitivity is not uniform across all tropical forests
and may be influenced by species composition, climatic conditions, physiological thresholds
specific to different ecosystems, analytical approaches, and temporal scales of observation.

Rainfall, by contrast, emerges as a key driver of growth variability. The findings of this thesis
indicate that sufficient rainfall promotes growth, while prolonged dry periods can trigger
dormancy. This is consistent with Locosselli et al. (2020), who emphasized that changes in
rainfall patterns, particularly decreases in precipitation, can lead to reduced growth rates and
increased mortality in tropical tree species. The positive relationship between precipitation and
tree growth observed in this study also aligns with the findings of Doughty (2011) and Hubau
et al. (2020), who demonstrated that fluctuations in precipitation patterns significantly influence
forest carbon dynamics. However, this thesis further highlights that the effect of rainfall on
growth is not uniform across species, underscoring the importance of species-specific
physiological responses.

5.4.2.3.  Vapor Pressure Deficit (VPD) and Relative Humidity (RH)
VPD, which quantifies the difference between the amount of moisture in the air and its
saturation point, plays a critical role in tree water balance (Lawrence, 2005). Elevated VPD
increases transpiration, leading to stomatal closure and reduced carbon assimilation (Grossiord
et al., 2020). The findings of this thesis suggest that periods of high VPD correspond to reduced
growth rates, as trees prioritize water conservation over biomass production.

This aligns with research demonstrating that increased atmospheric dryness (high VPD)
negatively impacts tropical forest productivity (Yuan et al., 2019) and reduces tree growth
across multiple biomes (Zweifel et al., 2021; Mirabel et al., 2023). These studies indicate that
tropical trees, despite their adaptation to humid conditions, may still experience growth
constraints under prolonged atmospheric moisture stress.

RH generally acts in the opposite direction by reducing evaporative demand and alleviating
water stress (Couralet et al., 2013). This thesis aligns with previous studies suggesting a
synergistic relationship between RH and tree growth, where high RH conditions enhance carbon
assimilation and cambial activity. However, research on RH and tree growth in tropical forests
presents a more nuanced picture, offering evidence that both supports and complicates the idea
that higher RH consistently mitigates water stress and promotes growth.
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However, Perez & Feeley. (2018) discussed how future increases in RH might reduce the
efficacy of transpiration, potentially pushing leaf temperatures beyond the thermal limits of
photosynthesis in tropical plant species. This suggests that while higher RH can alleviate water
stress, it may also impair the plant's ability to regulate leaf temperature, leading to negative
effects on carbon assimilation.

5.4.2.4. Morphological traits
The effect of diameter at breast height (DBH) on secondary growth in tropical trees reveals a
complex interplay of species-specific physiological responses, resource allocation strategies,
and environmental conditions. The findings from this thesis indicate mixed responses to DBH
among species, with most species exhibiting negative correlations, while one show positive
correlations with growth. These results align with existing literature, which highlights that DBH
influences growth dynamics in diverse ways across tropical forests.

The observed negative relationship between DBH and cambial activity in several species
suggests that, when comparing trees within a species, radial growth slows, in general, as
diameter increases. This well-documented trend in tropical trees occurs due to physiological
constraints, including hydraulic limitations and shifts in resource allocation, which contribute
to the decline in growth rates with increasing age and size within a species (Speer, 2010).

However, total annual wood production increases with size — Larger trees accumulate more
absolute biomass per year due to their extensive vascular systems and greater photosynthetic
capacity (Stephenson et al., 2014). Slik et al. (2013) demonstrated that large trees
disproportionately contribute to aboveground biomass in tropical forests, playing a dominant
role in carbon storage. Similarly, Rozendaal & Zuidema (2011) emphasized that growth rates
in tropical trees are size-dependent, with larger trees generally accumulating more biomass
through cambial activity.

While large trees are crucial for carbon storage, their growth responses vary widely,
necessitating interpretations that consider species identity, ecological roles, and physiological
constraints. This may explain why Petersianthus macrocarpus, in this study, exhibited a
positive correlation between DBH and cambial activity, suggesting that some large trees sustain
or even enhance radial growth. This finding aligns with Stephenson et al. (2014), who reported
that certain species continue to accumulate biomass at substantial rates due to enhanced
resource availability. Similarly, (Metcalf et al., 2009) highlight the complex interactions
between tree size, light availability, age, and mortality in tropical forests. Their study shows
that radial growth rates are closely tied to a tree’s size and light environment, shaping its
survival and life history trajectory.

This study also found that the relationship between tree height and secondary growth is
complex. While most species showed sustained growth in taller individuals, some exhibited the
opposite trend. This last trend may be due to hydraulic limitations, as highlighted by Araujo et
al. (2024), who reported that taller trees in the Amazon experience greater hydraulic stress,
which can restrict secondary growth, particularly during drought conditions.

5.4.2.5. Reproductive efforts
The results of this thesis support the idea that growth-reproduction trade-offs are a key but
variable factor in tree carbon dynamics. The findings confirm that reproductive events, such as
flowering and fruiting, generally have a negative impact on secondary growth, with significant
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reductions in radial increment during peak reproductive periods. This aligns with Couralet et
al. (2013), who found that increased reproductive investment in Central African rainforest
species diverts resources away from growth. Similarly, Charlesworth & Morgan (1991)
reported that fruiting represents a major resource investment for trees and may reduce allocation
to growth.

Interestingly, the degree of growth suppression varies across species, indicating species-specific
trade-offs. This is consistent with Blumstein et al. (2022), who showed that trees adopt different
carbohydrate allocation strategies, with some prioritizing reproduction over growth, while
others maintain a balance between the two.

5.4.2.6.  Leaf phenology
This study clearly demonstrates the influence of leaf phenology on secondary growth. While
some species exhibited reduced cambial activity during leaf loss, others showed the opposite
trend, and a third group remained unaffected. The general pattern observed aligns with the
notion that leaf shedding limits growth, particularly in deciduous and semi-deciduous species,
as reported in numerous studies across tropical regions. For example, Singh & Kushwaha
(2016) found that in tropical dry forests, synchronized leaf drop during drought periods
conserves water but reduces carbon assimilation, thereby limiting growth. Similarly, Janssen et
al. (2021) demonstrated that that during drought conditions in the Amazon forest, increased leaf
fall led to a decline in stem growth. The reduction in leaf area diminished the trees' capacity for
carbon assimilation, thereby limiting growth.

While the prevailing hypothesis suggests that leaf loss reduces stem growth, some studies
indicate that leaf shedding can enhance photosynthesis in the remaining canopy, ultimately
improving overall growth efficiency. For example, Tanaka et al. (2018) found that the timing
of leaf fall is driven by nitrogen utilization, optimizing canopy photosynthesis across a wide
range of woody species.

These findings this thesis suggest that the growth response to leaf drop is influenced by multiple
factors, including drought effects, tree characteristics (whether a species is fully deciduous,
semi-deciduous, or semievergreen), and environmental conditions such as soil moisture (Singh
& Kushwaha, 2016; Wu et al., 2017). This is supported by Reich (2014), who emphasize that
tree growth is determined by a species' position on the fast-slow plant economics spectrum,
which integrates leaf, stem, and root traits. Growth rates depend on how efficiently a species
acquires, utilizes, and conserves resources, shaping its ecological strategy and distribution in
tropical forests.

5.5. Prospects for future research
The current studies have provided valuable insights into the factors influencing secondary
growth in the Congo Basin, while also highlighting several unanswered questions and potential
directions for future research. The observed variability in secondary growth across species and
individuals underscores the importance of employing a multi-methodological approach to study
tree growth. Ideally, a comprehensive analysis would involve applying multiple methods, such
as dendrometer measurements, wood anatomy, and phenological observations, to the same tree.
However, the logistical challenges and time constraints inherent in research, especially in the
context of a thesis, make this approach difficult to implement. Future studies could address this
limitation by incorporating advanced imaging techniques, such as X-ray microdensitometry and
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isotope analysis on wood samples, which offer enhanced resolution and could provide a more
detailed understanding of growth dynamics.

Another critical avenue for future research is the long-term monitoring of growth rhythms and
cambial activity in response to changing climatic conditions. Continuous data collection over
extended periods would not only shed light on how tropical trees adjust their growth patterns
but also enable predictions of how tropical forests might respond to future climate change
scenarios. Understanding these patterns is essential, as tropical forests play a vital role in global
carbon cycling and biodiversity.

The diverse responses of species to environmental variables, as revealed in this study, point to
the need for further investigation into species-specific adaptive strategies, particularly in
relation to drought tolerance and water-use efficiency. Identifying species that are more resilient
to climatic stressors is crucial for informing conservation strategies and forest management
practices in the Congo Basin. A focus on species that exhibit higher resistance to water stress
could help guide reforestation efforts and the development of sustainable forest management
plans in light of the increasing frequency of extreme climate events.

Moreover, while the present research was conducted at two distant sites—Luki and
Yangambi—the geographic scope of future studies should be expanded. Including additional
regions of the Congo Basin, as well as comparative studies with other tropical forests, would
provide a broader perspective on secondary growth across diverse tropical ecosystems. Such
expansion would help refine our understanding of how different environmental conditions
shape tree growth and contribute to the resilience of tropical forests as a whole.
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Conclusion

This thesis provides a comprehensive and integrated exploration of secondary growth in tropical
tree species within the Congo Basin, addressing diel and annual stem size variations, growth
periodicity, and cambial phenology across contrasting climatic conditions. By synthesizing
these approaches, the research offers valuable insights into how environmental variables, tree
physiology, and growth patterns interact to influence secondary growth dynamics in this critical
tropical ecosystem.

Key findings underscore the significant role of environmental factors, particularly water
availability and atmospheric conditions, in shaping growth rhythms.

In Luki, the pronounced seasonality appeared to highlight growth-dormancy cycles, particularly
among deciduous species, while evergreen species exhibited more continuous but reduced
growth. However, these observations are based on a limited sample size and should be
interpreted with caution. Further studies with larger datasets would help confirm these patterns
and strengthen the analysis.

In Yangambi, where rainfall and humidity are more consistent, tree growth exhibited fewer
interruptions, although certain species showed sensitivity to brief dry periods. The comparative
analysis revealed clear distinctions in cambial activity, with Luki species more responsive to
climatic variations, whereas Yangambi species exhibited resilience driven by reproductive and
morphological traits.

The study's methodological integration—combining dendrometer data, growth ring analysis,
and cambial phenology monitoring—allowed for a multi-faceted understanding of tree growth.
Dendrometer measurements captured continuous external stem fluctuations, while cambial
studies provided precise insights into cellular growth and dormancy. This complementary
approach demonstrated the utility of employing diverse techniques to uncover the complex
interplay of environmental and physiological factors influencing secondary growth.

Anatomical marks, such as growth rings, varied significantly across species and sites, reflecting
differences in climatic conditions. In Luki, clear growth rings were associated with alternating
growth and dormancy phases driven by seasonal rainfall. In Yangambi, growth rings were less
periodic due to the more stable climatic conditions, although subtle marks were observed in
response to short-term rainfall variations.

The findings also addressed fundamental questions about tree growth cycles, emphasizing the
variability of dormant periods and their relationship with environmental stressors. Trees in Luki
showed well-defined dormancy during the dry season, while in Yangambi, continuous growth
dominated, with minimal interruptions. The study illuminated the intricate interactions between
climatic factors and growth cycles, providing a foundation for predicting how tropical forests
might respond to future climate changes.

Looking ahead, the study highlights several avenues for future research. Long-term monitoring
of cambial activity and growth rhythms is critical for understanding tree responses to changing
climatic conditions. Employing advanced imaging and isotope analysis techniques could
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enhance the resolution of growth dynamics studies, enabling more detailed insights. Expanding
the geographic scope to include additional regions of the Congo Basin and other tropical forests
would provide a broader perspective on growth variability and resilience across diverse
ecosystems.

Ultimately, this research underscores the importance of species-specific adaptive strategies,
particularly in the context of increasing climate variability. Identifying species with higher
resilience to water stress will be essential for conservation and sustainable forest management
efforts in the Congo Basin. By advancing our understanding of tropical tree growth, this thesis
contributes to the broader goal of preserving the vital ecological functions and carbon storage
capacity of tropical forests in a changing world.
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Appendices

Chapter 2: Diel and annual rhythms of tropical stem size changes in
the Mayombe forest, Congo Basin.

Table S2 — 1. Annual growth rate of tree individuals by phenological year.

Phenological year Species Tree id. Annual GR (um/yr)
2013-2014 T. superba TermA 7287.68
2013-2014 T. superba TermB 3693.54
2013-2014 T. superba TermC 1891.08
2013-2014 T. superba TermD 1257.12
2014-2015 T. superba TermA 4378.53
2014-2015 T. superba TermB 6860.61
2014-2015 T. superba TermC 2796.33
2014-2015 T. superba TermD 4966.81
2018-2019 C.mildbraedii ~ C.mildbraedii 3502.00
2018-2019 C.bruneelii C.bruneelii 676.70
2018-2019 C.paniculata C.paniculata 1324.66
2018-2019 F.elastica F.elastica 1224.21
2018-2019 G.giganteum G.giganteum 2039.36
2018-2019 G.suaveolens G.suaveolens 1201.82
2018-2019 H.gabunense H.gabunense 319.92
2018-2019 Ldewevrei Ldewevrei 1245.46
2018-2019 M.puberula M.puberula 31.24
2018-2019 O.gore O.gore 4176.04
2021-2022 F.elastica Fel039 1188.29
2021-2022 F.elastica Fel040 2678.33
2021-2022 F.elastica Fel046 2218.73

Table S2 — 2. Output parameters of Gaussian RBF kernel models applied to our data set.

Number of Objective Function Training proportion of classified
Variables Sigma (o) Support Vectors Value Error data points (%)
L 2.2893 440 -238.4164 0.9462
Precipitation (mm) - VPD (kPa) 5.38
3.4258 423 -224.4136 0.8778
RH (%) - Temperature (°C) 12.22
L 2.4410 430 -229.9569 0.8677
Precipitation (mm) - Temperature (°C) 13.23
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Figure S2 — 1. Biweekly-resolved, radial annual GR in the measured space of VPD and rainfall across
all individual trees. GR was quantified as the relative annual contribution to the total annual
growth for each tree and ranged from dark purple (no growth, 0%), over yellow (marginal
growth, > 8%).
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Figure S2 — 2. Growth onset and cessation times and growth duration (in Day of the Phenological Year

(DOPhY)) for the 2013-2014, 2014-2015, 2018-2019 and 2020-2021 phenological year. The
horizontal bases of the box indicate the 25th and 75th percentiles, the horizontal line inside the box
represent the median, the vertical lines attached to the box represent the minimum and maximum
values, the red dot inside the box represents the mean value. The black dots are outliers. The
numbers above the boxes indicate the p-values of the student test (i.e., the probability that an
observed difference between two means is significant), ns means not significant.



Appendices

r
o2}
o
o
o

40001

20001

Annual radial growth (pm/y

@ .
o ¥

5\
¢eocO00O® GO0

C.bruneelii
C.mildbraedii
C.paniculata

F elastica
F.elastical039
F.elastica1040
F.elastical046
G.giganteum
G.suaveolens
H.gabunense
|.dewevrei

M. puberula
O.gore

termA

termB

termC

termD

25 30 35 40 45 50

Tree height (m)

20

55 60

Figure S2 — 3. Correlation between tree height and annual growth. Tree height is significantly correlated
with seasonal growth. This means that growth is lower in the understory than in the canopy.

)
[4)]
o
o
(=]

4000+

2000+

Annual radial growth (um/yr

y=860+41 x

R’ =017 e

ad]

@ C.midbraedii

\

\

4
ev0O0OO 00O

C_bruneelii

C.paniculata
F.elastica
F.elastica1039
F.elastica1040
F.elastica1046
G.giganteum
G.suaveolens
H.gabunense
. dewevrel
M.puberula
O.gore

termA

termB

termC

termD

10 15

20

25

45 50 55 60 65 70 75 80

DBH (cm)

30 35 40

85 90

Figure S2 — 4. Correlation between tree DBH and annual radial growth. Tree DBH is significantly but
weakly correlated with seasonal growth, suggesting that growth is higher for large-diameter
trees than for small-diameter trees.




Unraveling the periodicity of secondary growth in the Congo Basin

(A)
Anova, F(3,88) = 0.61, p = 0.61, 12 = 0.02
EI day night
2013-2014 2014-2015 2018-2019 2021-2022

Temperature (°C)
NRB

Phenological year

pwc: Emmeans test; p.adjust: Bonferroni

(B)
2
< Anova, F(3,88)=0.08, p = 0.97, n_ = 0.003
=]
_'-_3_‘1[}0' P 5 — F—— FEEE —
T 90
= :
_-;3; 80
. 701 |
.= 601 T
o ; ' ; . ;
§ 2013-2014 2014-2015 2018-2019 2021-2022
Phenoclogical year
pwc: Emmeans test, p.adjust. Bonferroni
(C)
2

Anova, F(3,88) = 0.19, p = 0.91, 1, = 0.006
.---..1 5' | pme EE R
(1] ,_mx_| |
o L I
= 1.0
0o 0.5
==

00 ' : . ,
2013-2014 2014-2015 2018-2019 2021-2022

Phenological year

pwc: Emmeans test; p.adjust: Bonferroni

Figure S2 — 5. Daytime and nighttime climatic variables for the 2013-2014, 2014-2015, 2018-2019, and
2021-2022 phenological year. The horizontal bases of the box indicate the 25th and 75th
percentiles, the horizontal line inside the box represents the median, the vertical lines attached
to the box represent the minimum and maximum values. The dots are outliers. Asterisks indicate
that differences are significant between daytime and nighttime values. Hourly mean temperature
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Figure S2 — 6. Comparison of growth rate variation between observed scenario (bleu curve) and the two
predicted scenarios of a 1.5°C temperature increase coupled with a biweekly rainfall increase
of 25mm (green curve) and 50mm (red curve), respectively. The line is a fitted LOESS
(locally estimated scatterplot smoothing) curve. Shadow represents 95 % confidence interval.
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Figure S2 — 7. Classical clustering of the days on which trees start and end their growth, as well as the
length of the growing season.
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Results of the Imer to predict GR variation throughout the year including the variables
temperature, rainfall, RH, and tree as fixed effects and the variable species as random effect

We fitted a linear mixed model (estimated using REML and nloptwrap optimizer) to predict GRum with
Temp, Prec_mm, RH and Tree (formula: GRum ~ Temp * Prec_mm + Temp * RH + Tree). The model
included Species as random effect (formula: ~1 |Species). The model's total explanatory power is
substantial (conditional R2 = 0.32) and the part related to the fixed effects alone (marginal R2) is of
0.31. The model's intercept, corresponding to Temp = 0, Prec mm = 0, RH = 0 and Tree = Celtis, is at
578.23 (95% CI [-2114.49, 3270.96], t(543) = 0.42, p = 0.673). Within this model:

- The effect of Temp is statistically non-significant and negative (beta = -16.39, 95% CI [-133.20,
100.41], t(543) =-0.28, p = 0.783; Std. beta = 0.23, 95% CI [0.09, 0.37])

- The effect of Prec mm is statistically significant and positive (beta = 12.78, 95% CI [5.47, 20.09],
t(543) = 3.44, p <.001; Std. beta=0.21, 95% CI [0.08, 0.33])

- The effect of RH is statistically non-significant and negative (beta = -18.35, 95% CI [-53.17, 16.46],
t(543) =-1.04, p = 0.301; Std. beta = -0.06, 95% CI [-0.18, 0.05])

- The effect of Tree [Cola] is statistically significant and negative (beta = -104.64, 95% CI [-181.39, -
27.89], t(543) = -2.68, p = 0.008; Std. beta = -0.68, 95% CI [-1.54, 0.17])

- The effect of Tree [Corynanthe] is statistically significant and negative (beta = -80.64, 95% CI [-
157.39, -3.89], t(543) = -2.06, p = 0.039; Std. beta = -0.53, 95% CI [-1.38, 0.33])

- The effect of Tree [FuntA] is statistically non-significant and negative (beta = -66.00, 95% CI [-
146.81, 14.80], t(543) = -1.60, p = 0.109; Std. beta = -0.43, 95% CI [-1.30, 0.44])

- The eftect of Tree [FuntB] is statistically non-significant and negative (beta=-10.82, 95% CI [-91.62,
69.99], t(543) = -0.26, p = 0.793; Std. beta = -0.07, 95% CI [-0.94, 0.80])

- The effect of Tree [FuntC] is statistically non-significant and negative (beta = -27.84, 95% CI [-
108.64, 52.96], t(543) = -0.68, p = 0.499; Std. beta = -0.18, 95% CI [-1.05, 0.69])

- The effect of Tree [Funtumia] is statistically significant and negative (beta =-84.36, 95% CI [-161.11,
-7.61], t(543) = -2.16, p = 0.031; Std. beta = -0.55, 95% CI [-1.41, 0.30])

- The effect of Tree [Ganophyllum] is statistically non-significant and negative (beta = -54.17, 95% CI
[-130.92, 22.58], t(543) = -1.39, p = 0.166; Std. beta =-0.35, 95% CI [-1.21, 0.50])

- The effect of Tree [Greenwayodendon] is statistically significant and negative (beta = -85.19, 95%
CI[-161.94, -8.44], t(543) = -2.18, p = 0.030; Std. beta = -0.56, 95% CI [-1.41, 0.30])

- The effect of Tree [Hylodendron] is statistically significant and negative (beta = -117.85, 95% CI [-
194.60, -41.11], t(543) =-3.02, p = 0.003; Std. beta = -0.77, 95% CI [-1.63, 0.08])

- The effect of Tree [Isolona] is statistically significant and negative (beta = -83.58, 95% CI [-160.32,
-6.83], t(543) = -2.14, p = 0.033; Std. beta = -0.55, 95% CI [-1.40, 0.31])

- The effect of Tree [Microdesmis] is statistically significant and negative (beta = -128.55, 95% CI [-
205.30, -51.80], t(543) = -3.29, p = 0.001; Std. beta = -0.84, 95% CI [-1.70, 0.01])

- The effect of Tree [Ongokea] is statistically non-significant and positive (beta = 24.96, 95% CI [-
51.78, 101.71], t(543) = 0.64, p = 0.523; Std. beta = 0.16, 95% CI [-0.69, 1.02])

- The effect of Tree [TermA] is statistically significant and positive (beta = 109.17, 95% CI [38.21,
180.13], t(543) = 3.02, p = 0.003; Std. beta = 0.71, 95% CI [-0.12, 1.55])
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- The effect of Tree [TermB] is statistically significant and positive (beta = 88.58, 95% CI [17.62,
159.54], 1(543) =

2.45,p=0.015; Std. beta = 0.58, 95% CI [-0.25, 1.41])

- The effect of Tree [TermC] is statistically non-significant and negative (beta = -20.06, 95% CI [-
91.02, 50.90], t(543) = -0.56, p = 0.579; Std. beta = -0.13, 95% CI [-0.96, 0.70])

- The effect of Tree [TermD] is statistically non-significant and positive (beta = 8.39, 95% CI [-62.57,
79.35], t(543) = 0.23, p = 0.816; Std. beta = 0.05, 95% CI [-0.78, 0.89])

- The effect of Temp x Prec mm is statistically significant and negative (beta =-0.51, 95% CI [-0.81, -
0.21], t(543) = -3.37, p <.001; Std. beta =-0.24, 95% CI [-0.37, -0.10])

- The effect of Temp x RH is statistically non-significant and positive (beta = 0.73, 95% CI [-0.77,
2.23], t(543) = 0.96, p = 0.338; Std. beta = 0.07, 95% CI [-0.07, 0.21])

Standardized parameters were obtained by fitting the model on a standardized version of the dataset.
95% Confidence Intervals (Cls) and p-values were computed using a Wald t-distribution approximation.
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Chapter 3: Growth periodicity in semi-deciduous tropical tree species
from the Congo Basin.

Figure S3 — 1. Wood samples marked, sanded, and mounted on a numbered support from
the Tervuren wood (Tw) xylotheque.

> <

Figure S3 — 2. Capturing an image of a marked wood sample using an HRX-01 3D Digital
Microscope.
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Table S3 — 1. Species-by-species comparison of wood samples from Luki and Yangambi.
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Pycnanthus angolensis
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Chapter 4: Timing of cambial phenology of rainforest trees as indicator
of climate sensitivity of the Congo Basin biome

Meaning of column headers in tables.

Cambium status

Date
DBH

Dendrometer
number
Family
Flowers

Fruits

Height
Leaves_lost

nb_cell

No

Precip

RH

Season

Site

Species
Temp

Tree identity

Tree number
VPD

: State of the cambium at the sampling date.

: the date of micro-core sampling.

: The Diameter at Breast Height. It refers to the diameter of a tree's trunk
measured at 1.30 meters above the ground (in centmeters).

: Serial number of the dendrometer.

: The tree botanical family.
: The proportion of flowers on the tree, expressed as a percentage of the total
volume of the tree's crown, including leaves, fruits, and flowers.

: The proportion of fruits present on the tree, expressed as a percentage of the total
volume of the tree's crown, including leaves, fruits, and flowers.

: The tree total height (in meters).
: The proportion of leaves lost by the tree, expressed as a percentage of the total
volume of the tree's crown, including leaves, fruits, and flowers.

: The number of cells in the developing zone

: Order number.

: Sum of biweekly precipitation, in millimeters.

: Averaged biweekly air relative humidity, in %.

: The weather season.

: The study site

: The tree botanical species.

: Averaged biweekly air temperature, in °C.

: An arbitrary name assigned to each tree to differentiate it from others of the same
species.

: The tree number on the site, assigned during official site inventory.
: Vapor Pressur Deficit
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Table S4 — 1A. Botanical family, morphological traits and location of study trees from which
micro-core samples were collected.

Tree Longitude | Latitude | DBH Height (m)
No | Tree identity number Species Family ©) ©) (cm) g
1 | F. elastica - 1 1025 | Funtumia elastica Apocynaceae 13.103 -5.621 359 31.0
2 | F. elastica - 2 1027 | Funtumia elastica Apocynaceae 13.103 -5.621 | 49.5 33.0
3 | F. elastica - 3 1039 | Funtumia elastica Apocynaceae 13.103 -5.621 | 287 26.0
4 | G. giganteum - 1 1019 Ganophyllum giganteum | Sapindaceae 13.103 -5.621 47.0 25.0
5| G. giganteum - 2 1021 Ganophyllum giganteum | Sapindaceae 13.103 -5.621 53.9 38.0
6 | G. giganteum - 3 1429 Ganophyllum giganteum | Sapindaceae 13.103 -5.622 42.1 20.0
7| 0. gore -1 407 Ongokea gore Lacaceae 13.099 -5.620 68.4 29.0
810. gore-2 408 Ongokea gore Lacaceae 13.099 -5.620 79.5 32.0
9| 0. gore -3 409 Ongokea gore Lacaceae 13.099 -5.620 74.7 36.0
10 | P. balsamifera - 1 401 Prioria balsamifera Fabaceae Detarioideae 13.103 -5.621 98.5 40.0
11 | P. balsamifera - 2 402 Prioria balsamifera Fabaceae Detarioideae 13.103 -5.621 74.2 32.0
12 | P. balsamifera - 3 403 Prioria balsamifera Fabaceae Detarioideae 13.103 -5.621 78.6 34.0
1 | L. thompsonii - 1 12 Leplaea thompsonii Meliaceae 24.523 0.787 30.4 212
2 | L. thompsonii - 2 1 Leplaea thompsonii Meliaceae 24.521 0.781 40.0 23.0
3 | L. thompsonii - 3 321 Leplaea thompsonii Meliaceae 24.521 0.781 30.9 19.0
4 | P. oleosa - 1 50 Panda oleosa Pandaceae 24.524 0.787 47.2 26.0
5 | P. oleosa -2 177 Panda oleosa Pandaceae 24.523 0.787 59.0 23.0
6 | P. oleosa - 3 182 Panda oleosa Pandaceae 24.521 0.781 32.8 283
7 | P. macrocarpus - 1 130 Petersianthus Lecythidaceae 24.524 0.786 37.6 28.7
macrocarpus i
8 | P. macrocarpus - 2 387 Petersianthus Lecythidaceae 24.523 0.787 50.1 21.0
macrocarpus )
9 | P. macrocarpus - 3 210 Petersianthus Lecythidaceae 24.524 0.786 40.4 8.6
macrocarpus )
10 | S. zenkeri - 1 103 Scorodophloeus zenkeri Fabaceae Detarioideae 24.524 0.787 33.7 23.4
11 | S. zenkeri - 2 67 Scorodophloeus zenkeri Fabaceae Detarioideae 24.524 0.787 50.1 225
12 | S. zenkeri - 3 57 Scorodophloeus zenkeri Fabaceae Detarioideae 24.524 0.787 33.3 23.6
13 | S. sucordatum - 1 211 Synsepalum subcordatum | Sapotaceae 24.524 0.786 342 24.4
14 | S. sucordatum - 2 170 Synsepalum subcordatum | Sapotaceae 24.521 0.781 58.2 222
15 | S. sucordatum - 3 365 Synsepalum subcordatum | Sapotaceae 24.522 0.781 25.0 21.6
16 | T. madagascariense - 1 324 Trilepisium Moraceace 24.521 0.781 514 378
madagascariense )
17 | T. madagascariense - 2 35 Trilepisium Moraceace 24.521 0.780 44.8 414
madagascariense )
18 | T. madagascariense - 3 304 Trilepisium Moraceace 24.521 0.781 46.3 346
madagascariense )
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Table S4 — 1B. Botanical family, morphological traits and location
dendrometers were installed.

of study trees on which

Dendrometer
No. Tree identity Tree number | Species Family Longitude (°) Latitude (°) number DBH (cm) | Height (m)
1 | A. maniil 214/191 | Anonidium mannii Annonaceae 24.520884 0.780242 92210002 50.4 21.00
2 | A. manii2 393 | 4 idium mannii Annonaceae 24.521268 0.780358 92221463 32.6 22.50
3 | A. manii3 314 | 4 idium mannii Annonaceae 24.521096 0.780574 92221454 45.7 17.00
4 | A. manii4 144 | Anonidium mannii Annonaceae 24.520869 0.780460 92221455 375 24.30
5 | 4. manii5 376 | Anonidium mannii Annonaceae 24.521350 0.780519 92221462 333 15.50
6 | C. lacourtianuml 153 | Chrysophyllum lacourtianum Sapotaceae 24.520846 0.780616 92221456 48.9 31.00
7 | C. lacourtianum2 292 | Chrysophyllum lacourtianum__| Sapotaceae 24.521164 0.780402 92221461 40.9 26.20
8 | C. lacourtianum3 209 | Chrysophyllum lacourtianum__| Sapotaceae 24.521118 0.780469 92221478 62.0 35.70
9 | C. lacourtianum4 135 | Chrysophyllum lacourtianum Sapotaceae 24.520814 0.780364 92221489 22.7 23.00
10 | C. lokelel 336 | Combretum lokele Combretaceae 24.521414 0.780809 92221474 523 39.40
11 | C. lokele2 203 | Combretum lokele Combretaceae 24.520954 0.780488 92221479 293 25.20
12 | C. lokele3 202 | Combretum lokele Combretaceae 24.520982 0.780503 92221480 21.0 22.80
13 | C. lokele4 298/292 | Combretum lokele Combretaceae 24.520819 0.780200 92221490 33.9 28.30
14 | D. gossweileril 50 | Drypetes gossweileri Putranjivaceae 24.520641 0.780307 92221484 25.0 27.60
15 | D. gossweileri2 43 | Drypetes gossweileri Putranjivaceae 24.520665 0.780248 92221486 19.8 20.30
16 | D. gossweileri3 163 | Drypetes gossweileri Putranjivaceae 24.520794 0.780558 92221487 34.7 26.40
17 | D. gossweileri4 165 | Drypetes gossweileri Putranjivaceae 24.520843 0.780656 92221488 22.7 18.70
18 | D. gossweileri5 383 | Drypetes gossweileri Putranjivaceae 24.521390 0.780447 92221494 66.0 40.30
Greenwayodendron
19 | G. suaveolensl 183 | suaveolens Annonaceae 24.521045 0.780701 92221452 40.1 32.00
Greenwayodendron
20 | G. suaveolens2 332 | suaveolens Annonaceae 24.521209 0.780819 92221453 46.2 34.00
Greenwayodendron
21 | G. suaveolens3 228 | suaveolens Annonaceae 24.521126 0.780105 92221492 26.1 24.30
Greenwayodendron
22 | G. suaveolens4 276 | suaveolens Annonaceae 24.521092 0.780139 92221493 42.0 38.80
23 | P. oleosal 38 | Panda oleosa Pandaceac 24.520693 0.780522 92221457 53.3 26.90
24 | P. oleosa2 22 | Panda oleosa Pandaceac 24.520517 0.780556 92221458 37.0 24.30
25 | P. oleosa3 217 | Panda oleosa Pandaceac 24.520947 0.780405 92221460 67.5 28.60
26 | P. oleosad 392 | Panda oleosa Pandaceac 24.521334 0.780359 92221464 49.7 27.30
27 | P. oleosas 216 | Panda oleosa Pandaceae 24.521054 0.780316 92221459 63.2 33.50
28 | . zenkeril 328 | Scorodophioeus zenkeri Fabaceac Detarioideac 24.521270 0.780770 92221473 40.1 32.60
29 | S. zenkeri2 379 | Scorodophloeus zenkeri Fabaceae Detarioideae 24.521491 0.780440 92221476 29.5 28.70
30 | S. zenkeri3 154 | Scorodophloeus zenkeri Flimsens Disgwonilons 24.520902 0.780530 92221481 55.7 31.40
31 | 5. zenkeria 145 | Scorodophloeus zenkeri Fabaceac Detarioideac 24.521087 0.780487 92221482 54.2 38.60
32 | 5. zenkeris 17 | Scorodophloeus zenkeri Fabaceac Detarioideac 24.520739 0.780573 92221483 36.4 28.40
T. Tridesmostemon
33 | omphalocarpoidesl 307 | omphalocarpoides Sapotaceae 24.521210 0.780565 92221466 48.1 30.20
T. Tridesmostemon
34 | omphalocarpoides2 184 | omphalocarpoides Sapotaceae 24.521076 0.780739 92221467 553 30.50
T. Tridesmostemon
35 | omphalocarpoides3 12 | omphalocarpoides Sapotaceae 24.520578 0.780796 92221468 72.8 33.90
T. Tridesmostemon
36 | omphalocarpoides4. 325 | omphalocarpoides Sapotaceae 24.521250 0.780784 92221472 28.1 27.60
T. Tridesmostemon
37 | omphalocarpoides5 72 | omphalocarpoides Sapotaceae 24.520617 0.780096 92221485 25.8 18.30
38 | T. madagascariensel 296 | Trilepisi i ariense | Moraceace 24521278 0.780337 92221469 51.6 44.70
39 | T. madagascariense2 208 | Trilepisi dagascariense | Moraceace 24.521092 0.780426 92221470 39.4 34.40
40 | T. madagascariense3 56 | Trilepisi dagascariense | Moraceace 24.520699 0.780143 92221471 32.3 34.90
41 | T. mad. ariensed 368 | Trilepisium madagascariense | Moraceace 24.521490 0.780571 92221475 34.0 29.20
42 | T. madagascarienseS 290/288 | Trilepisii dagascariense | Moraceace 24.520905 0.780218 92221491 35.0 36.80
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Table S4 — 2. Main anatomical characteristics of the wood of species from which microcores
were collected.

Wood Resin Leaf Growth-ring
No _ Species porosity canals  Vessels Axial parenchyma persistence Family boundary distinctness Site
1 Funtumia elastica Diffuse-porous  Absent In diagonal to Apotracheal diffuse.  Evergreen Apocynaceae Absent Luki
(P. Preuss) Stapf radial pattern. Apotracheal diffuse
In radial in agregates.
multiple of 2 - 4. paratracheal scanty
2 Ganophyllum giganteum Diffuse-porous  Absent In diagonal to Diffuse. Evergreen Sapindaceae Absent Luki
(A. Chev.) Hauman radial pattern. Vasicentric.
Partly solitary, Aliform.
partly in radial Lozenge-aliform.
multiples of 2 - Winged-aliform.
4. Confluent.
Parateacheal
unilateral.
Paratracheal in
bands
3 Ongokea gore (Hua) Pierre Diffuse-porous  Absent In diagonal to Diftuse. Evergreen Olacaceae Absent Luki
radial pattern. Diffuse in
Exculsively aggregates.
solitary. Paratracheal Scanty.
Partly solitary, In narrow bands up
partly in radial to 3 cells wide.
multiples of 2 -
4.
4 Prioria balsamifera Diffuse-porous  Present In diagonal to Paratracheal in Deciduous Fabaceae Absent Luki
(Vermoesen) Breteler radial pattern. bands. Detarioideae
Exculsively Vasicentric.
solitary. Aliform
Partly solitary, Lozenge-aliforme.
partly in radial
multiples of 2 -
4.
5 Leplaea thompsonii ~ Diffuse-porous  Absent In diagonal to Confluent. Evergreen Meliaceae Absent Yangambi
(Sprague & Hutch.) E.J.M.Koenen radial pattern. In line or narrow
& J.J.de Wilde Partly solitary, bands up to 3 cells
partly in radial wide.
multiples of 2 - In bands of more
4. than 3 cells wide.
6  Panda oleosa Pierre Diffuse-porous  Absent In radial to Diffuse in Evergreen Pandaceae Absent Yangambi
diagonal pattern.  aggregates.
Partly solitary, Paratracheal scanty.
partly in radial In line or narrow
multiples of 2 - bands up to 3 cells
4. wide.
Scaliform
7 Petersianthus macrocarpus Diffuse-porous  Absent In diagonal to Diffuse. Evergreen Lecythidaceae Absent Yangambi
(P.Beauv.) Liben radial pattern. Aliform.
Partly solitary, Lozenge-aliform.
partly in radial Winged-aliform.
multiples of 2 - Confluent.
4.
8  Synsepalum subcordatum De Diffuse-porous  Absent In diagonal to In line or narrow Evergreen Sapotaceae Absent Yangambi
Wild. radial pattern. bands up to 3 cells
Partly solitary, wide.
partly in radial Reticulate.
multiples of 2 - In bands of more
4. than 3 cells wide.
9 Scorodophloeus zenkeri Harms Diffuse-porous  Absent In diagonal to Diffuse. Evergreen Fabaceae Distinct or absent Yangambi
radial pattern. Paratracheal scanty. Detarioideae
Partly solitary, Vasicentric.
partly in radial Confluent.
multiples of 2 - In line or narrow
4. bands up to 3 cells
wide.
In bands of more
than 3 cells wide.
10 Trilepisium madagascariense DC.  Diffuse-porous ~ Absent In diagonal to Paratracheal scanty. ~ Evergreen Moraceace Absent Yangambi

radial pattern.
Partly solitary,
partly in radial
multiples of 2 -
4.

Vasicentric.

In line or narrow
bands up to 3 cells
wide.

In bands of more
than 3 cells wide.
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Table S4 — 3. Model output, for all species combined, of quantifying number of cells in the DZ
in response to temperature, relative humidity, amount of leaves lost, amount of
flowers borne, amount of fruits borne, DBH and tree height as fixed effects, using
a linear mixed-effects model. Tree species variable was included as a random

effect.
Predicted Cond. Marg.
variable Fixed effect Sign. Statistics R2 R2 AIC
number of beta=0.29, 95% CI [-0.08, 0.67], t(797) = 1.53, p = 0.126; Std. beta = 0.05, 5061 854
cellsin the DZ Temperature ns 95% C1[-0.01, 0.12] 0.81 0.16 ’
number of Relative beta = 0.08, 95% CI [9.18e-03, 0.14], t(797) = 2.24, p = 0.026; Std. beta =
cells in the DZ  humidity s 0.08, 95% CI [9.46e-03, 0.15]
number of Amount of beta =-0.19, 95% CI [-0.31, -0.07], t(797) = -3.16, p = 0.002; Std. beta = -
cells in the DZ  leaves lost s 0.12, 95% CI [-0.19, -0.04]
number of Amount of beta = 8.39¢-03, 95% CI [-0.05, 0.07], t(797) = 0.26, p = 0.794; Std. beta =
cellsin the DZ  flowers borne ns 7.29¢-03, 95% CI [-0.05, 0.06]
number of Amount of beta =-0.02, 95% CI [-0.06, 0.02], t(797) = -1.00, p = 0.315; Std. beta =-0.03,
cells in the DZ  fruits borne ns 95% CI[-0.10, 0.03]
number of beta =-0.19, 95% CI [-2.73, 2.35], t(797) = -0.14, p = 0.885; Std. beta =-0.45,
cellsinthe DZ DBH ns 95% CI[-1.33, 0.43]
number of beta=0.17, 95% CI [-0.51, 0.85], t(797) = 0.50, p = 0.617; Std. beta = 0.15,
cells in the DZ  Tree height ns 95% CI1[-0.18, 0.48]

Table S4 — 4. Species-specific models output of quantifying number of cells in the DZ in

response to temperature, relative humidity, amount of leaves lost, amount of
flowers borne, amount of fruits borne, DBH and tree height as fixed effects, using
a linear mixed-effects model. Tree individual variable was included as a random

effect.
Site Species Predicted Fixed effect Significance Signe Statistics Cond. Marg.
variable R2 R2
Luki Funtumia elastica number of cells ~ Temperature ns Positive  beta =0.13, 95% CI [-0.82, 1.09], t(77) = 0.27, p = 0.784; Std. beta = 0.04, 0.24 0.14
in the DZ 95% CI[-0.25, 0.33]
Luki Funtumia elastica number of cells  Relative ns Negative  beta = -0.04, 95% CI [-0.16, 0.08], t(77) = -0.65, p = 0.516; Std. beta =-0.07,
in the DZ humidity 95% CI[-0.29, 0.15]
Luki Funtumia elastica number of cells ~ Amount of ns Negative  beta =-0.07, 95% CI [-0.46, 0.33], t(77) = -0.33, p = 0.741; Std. beta = -0.05,
in the DZ leaves lost 95% CI[-0.36, 0.26]
Luki Funtumia elastica number of cells  Amount of ns Negative  beta = -6.35¢-04, 95% CI [-0.10, 0.10], t(77) = -0.01, p = 0.990; Std. beta = -
in the DZ flowers borne 1.66e-03, 95% CI [-0.26, 0.26]
Luki Funtumia elastica number of cells ~ Amount of ns Positive  beta = 0.04, 95% CI [-0.10, 0.18], t(77) = 0.54, p = 0.589; Std. beta = 0.11,
in the DZ fruits borne 95% CI[-0.31, 0.54]
Luki Funtumia elastica number of cells  DBH ns Negative  beta = -0.08, 95% CI [-0.57, 0.42], t(77) = -0.30, p = 0.763; Std. beta =-0.17,
in the DZ 95% CI[-1.33, 0.99]
Luki Funtumia elastica number of cells  Tree height ns Positive  beta = 0.65, 95% CI [-0.82, 2.12], t(77) = 0.88, p = 0.382; Std. beta = 0.50,
in the DZ 95% CI[-0.67, 1.68]
Luki Ganophyllum number of cells ~ Temperature s Positive  beta =0.97, 95% CI[0.12, 1.81], t(79) = 2.29, p = 0.025; Std. beta = 0.20, 0.40 0.40
giganteum in the DZ 95% CI1[0.03, 0.38]
Luki Ganophyllum number of cells  Relative ns Positive  beta=0.13, 95% CI [-0.02, 0.28], t(79) = 1.69, p = 0.095; Std. beta =0.15, 95%
giganteum in the DZ humidity CI[-0.03, 0.33]
Luki Ganophyllum number of cells ~ Amount of s Negative  beta =-0.47, 95% CI [-0.91, -0.04], t(79) =-2.17, p = 0.033; Std. beta = -0.20,
giganteum in the DZ leaves lost 95% CI[-0.39, -0.02]
Luki Ganophyllum number of cells  DBH s Negative  beta = -2.35, 95% CI [-3.63, -1.07], (79) = -3.65, p <.001; Std. beta = -2.04,
giganteum in the DZ 95% CI[-11.02, 6.94]
Luki Ganophyllum number of cells  Tree height s Positive  beta = 1.77, 95% CI [0.96, 2.59], t(79) = 4.32, p <.001; Std. beta = 2.41, 95%
i in the DZ CI [-6.57,11.39]
Luki Ongokea gore number of cells ~ Temperature s Negative  beta = -0.54, 95% CI [-1.05, -0.02], ¢(78) = -2.09, p = 0.040; Std. beta =-0.23, 0.17 0.17
in the DZ 95% CI[-0.44, -0.01]
Luki Ongokea gore number of cells  Relative s Negative  beta = -0.16, 95% CI [-0.26, -0.06], t(78) = -3.23, p = 0.002; Std. beta = -0.40,
in the DZ humidity 95% CI[-0.64, -0.15]
Luki Ongokea gore number of cells  Amount of ns Negative  beta = -0.20, 95% CI [-0.51, 0.11], t(78) = -1.30, p = 0.197; Std. beta =-0.15,
in the DZ leaves lost 95% CI[-0.37, 0.08]
Luki Ongokea gore number of cells  Amount of s Negative  beta = -0.06, 95% CI [-0.10, -0.02], t(78) =-2.97, p = 0.004; Std. beta =-0.39,
in the DZ fruits borne 95% CI [-0.66, -0.13]
Luki Ongokea gore number of cells  DBH ns Positive  beta =0.13, 95% CI [-0.01, 0.28], t(78) = 1.79, p = 0.077; Std. beta = 0.22,
in the DZ 95% CI[-0.12, 0.56]
Luki Ongokea gore number of cells  Tree height ns Negative  beta =-0.16, 95% CI [-0.41, 0.09], t(78) = -1.29, p = 0.202; Std. beta =-0.17,
in the DZ 95% CI[-0.52, 0.18]
Luki Prioria balsamifera number of cells  Temperature s Positive  beta = 1.46, 95% CI [0.51, 2.40], t(77) = 3.08, p = 0.003; Std. beta = 0.26, 0.44 0.44
in the DZ 95% CI[0.09, 0.43]
Luki Prioria balsamifera number of cells  Relative ns Positive  beta =0.17, 95% CI [-3.48e-03, 0.34], t(77) = 1.95, p = 0.055; Std. beta =
in the DZ humidity 0.18, 95% CI [-3.64¢-03, 0.36]
Luki Prioria balsamifera number of cells  Amount of ns Negative beta =-0.21, 95% CI [-0.45, 0.03], t(77) = -1.74, p = 0.086; Std. beta =-0.19,
in the DZ leaves lost 95% CI[-0.41, 0.03]
Luki Prioria balsamifera number of cells  Amount of s Negative  beta =-0.29, 95% CI [-0.42, -0.15], (77) = -4.19, p <.001; Std. beta = -0.39,
in the DZ flowers borne 95% CI[-0.57, -0.20]
Luki Prioria balsamifera number of cells ~ Amount of s Negative beta =-0.10, 95% CI [-0.19, -0.01], (77) = -2.33, p = 0.022; Std. beta = -0.23,
in the DZ fruits borne 95% CI[-0.44, -0.03]
Luki Prioria balsamifera number of cells  DBH s Negative  beta = -2.66, 95% CI [-4.18, -1.14], (77) = -3.49, p <.001; Std. beta =-4.37,
in the DZ 95% CI[-20.06, 11.33]
Luki Prioria balsamifera number of cells  Tree height s Positive  beta = 8.78, 95% CI [4.07, 13.49], t(77) =3.71, p<.001; Std. beta = 4.64,
in the DZ 95% CI [-11.06, 20.33]
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Yangambi  Leplaea thompsonii number of cells  Temperature ns Positive  beta =0.51, 95% CI [-1.94,2.97], t(71) = 0.42, p = 0.679; Std. beta = 0.14, 0.59 0.58
in the DZ 95% CI[-0.53, 0.82]
Yangambi  Leplaea thompsonii number of cells  Relative ns Positive  beta = 0.35, 95% CI [-0.08, 0.78], t(71) = 1.61, p=0.111; Std. beta = 0.55,
in the DZ humidity 95% CI[-0.13, 1.24]
Yangambi  Leplaea thompsonii number of cells  Amount of ns Positive  beta = 0.14, 95% CI [-0.32, 0.61], t(71) = 0.61, p = 0.542; Std. beta = 0.05,
in the DZ leaves lost 95% CI[-0.12, 0.22]
Yangambi  Leplaea thompsonii number of cells  Amount of ns Positive  beta = 0.02, 95% CI [-0.19, 0.24], t(71) = 0.23, p = 0.820; Std. beta = 0.02,
in the DZ flowers borne 95% CI[-0.14,0.17]
Yangambi  Leplaea thompsonii number of cells  Amount of s Positive  beta = 0.21, 95% CI [0.06, 0.36], t(71) = 2.72, p = 0.008; Std. beta = 0.28,
in the DZ fruits borne 95% CI1[0.07, 0.49]
Yangambi  Leplaea thompsonii number of cells  DBH s Negative beta =-1.08, 95% CI [-1.41, -0.75], (71) = -6.46, p <.001; Std. beta = -0.93,
in the DZ 95% CI [-1.55,-0.30]
Yangambi  Leplaea thompsonii number of cells  Tree height s Positive  beta =4.41, 95% CI [3.41, 5.41], t(71) = 8.81, p <.001; Std. beta = 1.40, 95%
in the DZ CI[0.77, 2.04]
Yangambi  Petersianthus number of cells ~ Temperature s Positive  beta = 2.26, 95% CI [0.30, 4.21], t(71) = 2.30, p = 0.024; Std. beta = 1.01, 0.35 0.35
macrocarpus in the DZ 95% CI1[0.14, 1.89]
Yangambi  Petersianthus number of cells  Relative s Positive  beta = 0.53, 95% CI [0.19, 0.86], t(71) = 3.15, p = 0.002; Std. beta = 1.38,
macrocarpus in the DZ humidity 95% CI[0.51, 2.25]
Yangambi  Petersianthus number of cells ~ Amount of ns Positive  beta = 0.04, 95% CI [-0.07, 0.14], t(71) = 0.70, p = 0.485; Std. beta = 0.07,
macrocarpus in the DZ leaves lost 95% CI[-0.14, 0.29]
Yangambi  Petersianthus number of cells  Amount of s Negative  beta = -0.08, 95% CI [-0.14, -0.03], t(71) = -3.05, p = 0.003; Std. beta =-0.29,
macrocarpus in the DZ flowers borne 95% CI[-0.48, -0.10]
Yangambi  Petersianthus number of cells ~ Amount of ns Positive  beta =0.01, 95% CI [-0.04, 0.07], t(71) = 0.46, p = 0.648; Std. beta = 0.05,
macrocarpus in the DZ fruits borne 95% CI[-0.16, 0.25]
Yangambi  Petersianthus number of cells  DBH s Positive  beta = 0.72, 95% CI[0.13, 1.31], t(71) = 2.44, p=0.017; Std. beta = 1.23,
macrocarpus in the DZ 95% CI[-2.02, 4.47]
Yangambi  Petersianthus number of cells  Tree height s Positive  beta = 1.15, 95% CI [0.28, 2.02], t(71) = 2.64, p = 0.010; Std. beta = 1.32,
macrocarpus in the DZ 95% CI[-1.92, 4.56]
Yangambi  Panda oleosa number of cells  Temperature ns Negative  beta =-0.35, 95% CI [-2.13, 1.42], t(71) = -0.40, p = 0.692; Std. beta = -0.16, 0.82 0.12
in the DZ 95% CI[-0.97, 0.65]
Yangambi  Panda oleosa number of cells  Relative ns Negative beta =-0.13, 95% CI [-0.44, 0.18], t(71) = -0.84, p = 0.401; Std. beta = -0.35,
in the DZ humidity 95% CI[-1.17, 0.47]
Yangambi  Panda oleosa number of cells  Amount of s Positive  beta = 0.46, 95% CI [0.19, 0.73], t(71) = 3.35, p=0.001; Std. beta = 0.33,
in the DZ leaves lost 95% CI[0.13, 0.53]
Yangambi  Panda oleosa number of cells  Amount of ns Negative  beta = -0.08, 95% CI [-0.30, 0.14], t(71) = -0.71, p = 0.479; Std. beta =-0.07,
in the DZ flowers borne 95% CI[-0.26, 0.12]
Yangambi  Panda oleosa number of cells  Amount of ns Negative  beta =-0.09, 95% CI [-0.30, 0.12], t(71) = -0.84, p = 0.406; Std. beta = -0.09,
in the DZ fruits borne 95% CI[-0.30, 0.12]
Yangambi  Panda oleosa number of cells  DBH ns Positive  beta = 0.80, 95% CI [-3.20, 4.80], t(71) = 0.40, p = 0.690; Std. beta = 2.76,
in the DZ 95% CI[-8.07, 13.59]
Yangambi  Panda oleosa number of cells  Tree height ns Positive  beta =4.31, 95% CI [-15.43, 24.04], t(71) = 0.43, p = 0.665; Std. beta = 3.00,
in the DZ 95% CI[-7.82, 13.83]
Yangambi  Synsepalum number of cells ~ Temperature ns Positive  beta = 0.69, 95% CI [-4.18, 5.56], t(72) = 0.28, p = 0.778; Std. beta = 0.12, 0.35 0.33
subcordatum in the DZ 95% CI[-0.73, 0.97]
Yangambi  Synsepalum number of cells  Relative ns Positive  beta = 0.34, 95% CI [-0.50, 1.18], t(72) = 0.81, p = 0.423; Std. beta = 0.34,
subcordatum in the DZ humidity 95% CI[-0.51, 1.19]
Yangambi  Synsepalum number of cells  Amount of ns Positive  beta = 0.36, 95% CI [-0.39, 1.10], t(72) = 0.95, p = 0.345; Std. beta=0.11,
subcordatum in the DZ leaves lost 95% CI[-0.12, 0.34]
Yangambi  Synsepalum number of cells  Amount of ns Positive  beta =0.03, 95% CI [-0.18, 0.25], t(72) = 0.31, p = 0.756; Std. beta = 0.05,
subcordatum in the DZ fruits borne 95% CI[-0.25, 0.34]
Yangambi  Synsepalum number of cells  DBH ns Positive  beta =0.07, 95% CI [-0.10, 0.24], t(72) = 0.84, p = 0.403; Std. beta = 0.12,
subcordatum in the DZ 95% CI[-0.54, 0.78]
Yangambi  Synsepalum number of cells  Tree height s Positive  beta = 3.88, 95% CI [1.93, 5.83], #(72) =3.96, p <.001; Std. beta = 0.57, 95%
subcordatum in the DZ CI[-0.09, 1.23]
Yangambi  Scorodophloeus number of cells  Temperature ns Negative  beta = -2.43, 95% CI [-8.04, 3.17], t(72) = -0.87, p = 0.390; Std. beta =-0.37, 0.32 0.32
zenkeri in the DZ 95% CI[-1.23, 0.49]
Yangambi  Scorodophloeus number of cells  Relative ns Negative  beta =-0.26, 95% CI [-1.23, 0.71], t(72) = -0.53, p = 0.599; Std. beta = -0.23,
zenkeri in the DZ humidity 95% CI [-1.09, 0.63]
Yangambi  Scorodophloeus number of cells  Amount of ns Negative  beta = -0.48, 95% CI [-1.25, 0.28], t(72) = -1.26, p = 0.211; Std. beta =-0.16,
zenkeri in the DZ leaves lost 95% CI[-0.41, 0.09]
Yangambi  Scorodophloeus number of cells  Amount of s Positive  beta = 0.29, 95% CI [0.11, 0.48], t(72) = 3.12, p = 0.003; Std. beta = 0.35,
zenkeri in the DZ fruits borne 95% CI[0.13, 0.58]
Yangambi  Scorodophloeus number of cells  DBH s Negative  beta = -2.30, 95% CI [-4.16, -0.43], ¢(72) = -2.46, p = 0.016; Std. beta =-1.95,
zenkeri in the DZ 95% CI [-3.57, -0.34]
Yangambi  Scorodophloeus number of cells  Tree height s Negative  beta =-36.41, 95% CI [-65.81, -7.01], t(72) = -2.47, p = 0.016; Std. beta = -
zenkeri in the DZ 1.89, 95% CI [-3.45, -0.33]
Yangambi  Trilepisium number of cells ~ Temperature ns Negative beta = -0.78, 95% CI [-4.70, 3.14], t(71) = -0.40, p = 0.693; Std. beta =-0.18, 0.75 0.11
madagascariense in the DZ 95% CI[-1.07, 0.72]
Yangambi  Trilepisium number of cells  Relative ns Negative  beta =-0.03, 95% CI [-0.70, 0.64], t(71) = -0.10, p = 0.922; Std. beta = -0.04,
madagascariense in the DZ humidity 95% CI[-0.93, 0.85]
Yangambi  Trilepisium number of cells  Amount of ns Negative beta = -0.14, 95% CI [-0.67, 0.39], t(71) = -0.54, p = 0.594; Std. beta = -0.06,
madagascariense in the DZ leaves lost 95% CI1[-0.30, 0.17]
Yangambi  Trilepisium number of cells  Amount of ns Negative  beta =-0.03, 95% CI [-0.20, 0.14], t(71) = -0.32, p = 0.747; Std. beta = -0.03,
madagascariense in the DZ flowers borne 95% CI[-0.24,0.17]
Yangambi  Trilepisium number of cells ~ Amount of ns Positive  beta =0.03, 95% CI [-0.13, 0.19], t(71) = 0.33, p = 0.745; Std. beta = 0.04,
madagascariense in the DZ fruits borne 95% C1[-0.22, 0.31]
Yangambi  Trilepisium number of cells  DBH ns Positive  beta = 1.20, 95% CI [-2.49, 4.89], t(71) = 0.65, p = 0.519; Std. beta = 0.55,
madagascariense in the DZ 95% CI[-0.64, 1.73]
Yangambi  Trilepisium number of cells  Tree height ns Positive  beta = 0.49, 95% CI [-3.28, 4.27], (71) = 0.26, p = 0.796; Std. beta = 0.22,
d. ariense in the DZ 95% CI[-0.98, 1.42]
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Figure. S4-1. Cross section of the ten
study species.
Species from Luki:
(A) F. elastica
(B) G. giganteum
(C) O. gore
(D) P. balsamifera
Species from Yangambi:
(E) L. thompsonii
(F) P. Oleosa
(G) P. macrocarpus
(H) S. zenkeri
(D S. subcordatum
(J) T. madagascariense
Scale bar = 100 pm.
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Figure S4 - 2. Illustration of the presence of sclerenchyma in the phloem of 3 of the 10 species
studied (green triangle). (A) and (B) G. giganteum, (C) F. elastica, (D) P.
balsamifera. Scale bar = 100 pm.
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Figure S4 - 3A. The occurrence of hourly growth for the Yangambi studied trees over a one-
year period, presented in binary format: 1 indicating growth and 0 indicating no
growth (Part 1).
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Figure S4 - 3B. The occurrence of hourly growth for the Yangambi studied trees over a one-
year period, presented in binary format: 1 indicating growth and 0 indicating no
growth (Part 2).
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Figure S4 - 4B. The occurrence of hourly growth for the Luki studied trees over the
and 0 indicating no growth.
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phenological year 2018-2019, presented in binary format: 1 indicating growth
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Figure S4 - 4C. The occurrence of hourly growth for the Luki studied trees over the
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phenological year 2021-2022, presented in binary format: 1 indicating growth
and 0 indicating no growth.

Figure S4 - 4D. The occurrence of hourly growth for the Luki studied trees over the



