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SAMENVATTING

Lianen zijn structurele parasieten die bomen beklimmen om toegang te krijgen
tot de bovenste bladerdaklaag. Hun abundantie en biomassa nemen toe in de
Neotropen, wat waarschijnlijk de werking van deze tropische gebieden beinvioedt.
Lianen hebben minder structureel weefsel en beperken de groei van bomen, waar-
door de aangetaste bossen minder koolstof vastleggen. Hun bladreflectie is gemid-
deld hoger dan die van bomen, wat de spectrale signatuur van de tropische bossen
verandert.

Deze studie onderzoekt de structurele en biochemische bladkenmerken van lia-
nen en bomen in een secundair tropisch regenwoud in Panama. De onderzochte
kenmerken omvatten bladdikte, equivalente waterdikte (C,,), bladmassadichtheid
(LMA) en koolstof- en stikstofgehalte, evenals hun stabiele isotopen §13C en §1°N.
Daarnaast wordt de bladreflectie tussen 350 en 2500 nm onderzocht, met de focus
op verschillen tussen de twee groeivormen en hoe deze kenmerken variéren met
seizoensveranderingen. Door een combinatie van bladkenmerkmetingen en hy-
perspectrale reflectiegegevens, werden statistische testen en lineaire gemengde-
effectenmodellen gebruikt om de gegevens te analyseren.

De resultaten onthullen significant lagere LMA, C,, en §13C-gehalte voor lianen dan
voor bomen. Seizoensgebondenheid heeft geen significant effect op de bladken-
merken. De reflectie van lianenbladeren is significant hoger dan die van bomen
in twee van de vier waterbanden in het kortgolvig infraroodgebied en het groene
gebied. Daarnaast beinvloeden seizoensvariaties de reflectie-eigenschappen van
bomen. Ze blijken significant verschillende reflecties te hebben tussen seizoenen
in de twee overgebleven waterbanden en het nabij-infraroodgebied. Lianen daar-
entegen worden niet significant beinvioed door seizoensgebondenheid in de vooraf
bepaalde banden. De Kullback-Leiber divergentie van de reflectiespectra tussen
seizoenen is meer dan 4 keer groter voor bomen dan voor lianen. Deze bevindingen
suggereren dat onderzoek naar de reflectie van boombladeren seizoensgebonden-
heid in aanmerking moet nemen. Voor lianen daarentegen lijkt de reflectie weinig
beinvloed door seizoensgebondenheid. Zowel de bladkenmerken als de reflectie
van lianen lijken stabiel te zijn gedurende het natte en droge seizoen.

Onze bevindingen suggereren dat de onderscheidende structurele en biochemische
kenmerken van lianen en bomen een cruciale rol spelen in hun ecologische strate-
gieén en interacties binnen het bosecosysteem. Verder benadrukt de studie het
potentieel van hyperspectrale reflectie als een proxy voor het monitoren van blad-
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kenmerken. Deze inzichten dragen bij aan een beter begrip van de ecologische
rollen van lianen en bomen en hun reacties op milieuveranderingen, wat essentieel
is voor het voorspellen van de gevolgen van klimaatverandering voor tropische
bosecosystemen.



ABSTRACT

Liana, woody vines, are structural parasites, climbing trees to access the upper
canopy layer. Their abundance and biomass is increasing in the Neotropics, which
likely influences the functioning of these tropical ecosystems. Lianas have less
structural tissue and limit the growth of trees, consequently the affected forests
sequester less carbon. There are indictations that their leaf reflectance is higher
than that of trees altering the spectral signature of the tropical forests.

This study investigates the structural and biochemical leaf traits of lianas and trees
in a secondary tropical forest in Panama. The investigated traits include leaf thick-
ness, equivalent water thickness (Cy), leaf mass area (LMA) and carbon and nitro-
gen content as well as their stable isotopes §13C and §1>N. Additionally, it examines
leaf reflectance between 350 and 2500 nm, focusing on differences between the
two growth forms and how these traits vary with seasonal changes. Using a com-
bination of leaf trait measurements and hyperspectral reflectance data, statistical
tests and linear mixed-effects models were employed to analyze the data.

The results reveal significantly a lower LMA, C,, and §13C content for lianas than
trees. Seasonality does not have a significant effect on the leaf traits. The re-
flectance of liana leaves is significantly higher than for trees in two out of four water
bands in the short-wave infrared region and the green region. Additionally, seasonal
variations affect the reflectance properties of trees. They appear to have signif-
icantly different reflectance between seasons in the two remaining water bands
and the near-infrared region. Lianas on the other hand are insignificantly affected
by seasonality in the predetermined bands. The Kullback-Leiber divergence of the
reflectance spectra between seasons is more than 4 larger for trees than lianas.
These findings suggests that research on the reflectance of tree leaves should take
seasonality into account. For lianas on the other hand, the reflectance seems rather
unaffected by seasonality. Both the leaf traits and reflectance of lianas appears to
be stable across the wet and dry season.

Our findings suggest that the distinct structural and biochemical characteristics of
lianas and trees play a crucial role in their ecological strategies and interactions
within the forest ecosystem. Furthermore, the study highlights the potential of
hyperspectral reflectance as a proxy for monitoring leaf traits. These insights con-
tribute to a better understanding of the ecological roles of lianas and trees and their
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responses to environmental changes, which is essential for predicting the impacts
of climate change on tropical forest ecosystems.
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PCA Principal component analysis.

Pi Inorganic phosphorus.

PLSR Partial least squares regression.

Po Organic phosphorus.

Q1 The first quartile.
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RMSEP Root mean square error of prediction.
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VIS Visible light.
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R? Coefficient of determination [-].

R2C Conditional pseudo-R2 [%].

R2M Marginal pseudo-R? [%].

SLA Specific leaf area [cm?/g].

VIP Variable importance of projection [-].



1. INTRODUCTION

Tropical forest are often called "the lungs of the planet", as they sequester CO, and
provide O,. 60% of all photosynthesis on Earth is happening in both these forests
and savannahs, which makes preserving them a priority (Beer et al., 2010). Lianas
are woody vines and are structural parasites, as they use trees to climb to the upper
canopy layers. Their abundance is increasing across the Neotropics (Phillips et al.,
2002, 2005), making it important to study the differences between this growth
form and trees, as the species composition of tropical forests will likely evolve and
potentially their functioning as well (Van Der Heijden et al., 2013; Schnitzer et al.,
2000; Schnitzer and Carson, 2010). This shift potentially has important implications.
Lianas sequester less carbon in their tissues than trees, as they need less structural
tissue because they are structural parasites. On top of this, they increase mortality
of their host trees by climbing them, which potentially causes damage, and by in-
creasing competition for resources. Thereby they diminish the growth of the trees
and thus the terrestrial carbon sink, exacerbating climate change (Van Der Heijden
et al., 2013, 2015a,b; di Porcia E Brugnera et al., 2019).

Conversely, lianas are hypothesized to reflect more incoming radiation, potentially
mitigating the climate change caused by their negative effect on the carbon bal-
ance, by reducing the amount of energy absorbed by Earth’s system (Meunier et al.,
2022; Sdnchez-Azofeifa et al., 2009). There are, however, not a lot of studies on the
spectrum from the visible to the shortwave infrared region (350 - 2500 nm). Often,
specific sections of the spectrum are studied. For example, the region between 400
and 1100 nm has been the subject of multiple studies (Billings and Morris, 1951;
Sédnchez-Azofeifa et al., 2009). In the past, studies have often neglected the influ-
ence of seasonality on leaf spectral properties, which is one of the main topics of
this thesis.

The goal of this research is to identify and quantify the differences and relations
between multiple structural and biochemical leaf traits of trees and lianas, as well
as the reflectance of the leaves, and to analyze how these traits change with the
seasons. The four central research questions of this thesis are: (1) Are the leaf traits
different between lianas and trees? (2) Is the reflection of liana leaves higher than
that of tree leaves? (3) Are those leaf traits and the reflectance spectra subject
to seasonal changes? (4) Can the reflectance spectra of leaves be linked to their



leaf traits? Since lianas have a growth advantage particularly in seasonal forests
during the dry season (Schnitzer, 2005), finding differences that could explain this
is relevant for our understanding of the dynamics of tropical forests in general.

The data was collected during the dry (January-February) and wet (August-September)
seasons in Panama in the year 2023. The structural leaf traits, the leaf thickness,
the equivalent water thickness (Cy) and the leaf mass area (LMA), and biochemical
leaf traits, the C and N content as well as their stable isotopes §13C and §1°N, were
measured. The reflectance spectra of the leaves between 350 and 2500 nm were
also measured. The data was then processed using statistical tests and partial least
squares regression to link the hyperspectral data with the obtained leaf traits. Tropi-
cal forests are large and often inaccessible. If the spectral data could be linked with
these leaf traits and upscaling is possible, new opportunities for remote-sensing
based ecological research would emerge. Upscaling of these links is possible if the
canopy structure, the leaf angle, the clumping of the leaves, the reflectance of the
stem and branches etc. are taken into account. This would allow large areas of
forest to be studied more quickly, and remote locations could potentially become
observable without extensive human presence, thereby helping to preserve the for-
est.



2. LITERATURE REVIEW

2.1 (Neo)tropical forests

2.1.1 General info

According to the climate classification of Trewartha and Horn (1980) a region is con-
sidered tropical if the mean temperature of the coldest month is higher than 18°C
and the annual precipitation higher than the Patton’s precipitation threshold (Pat-
ton, 1962). 20,44% of the world’s continents (excluding Antarctica) are covered
with a tropical climate (Fraedrich et al., 2001). These regions are indicated as tropi-
cal rainforest climate (Ar), tropical wet-and-dry (savanna) climate with a dry winter
(Aw) or with a dry summer (As) in Figure 2.1. They are found around the equator
on the American, African and Asian continents (Trewartha and Horn, 1980; Koppen,
1936; Belda et al., 2014). Mayaux et al. (1998) estimated the global closed tropical
forest area to be between 1090 and 1220 million ha, 185 to 215 million hectares
in Africa, 235 to 275 million hectares in Asia and 670 to 730 million hectares in
America. Thus most of the global, tropical forest is situated in America, otherwise
known as the Neotropics.

Ar Aw As BW BS Cs Cw Cf Do Dc E Ft Fi

Figure 2.1: Koppen-Trewartha climate classification (adapted from Belda et al.
(2014)). The climate types are: tropical rainforest (Ar), tropical wet-and-dry (sa-
vanna) dry-winter (Aw) or dry-summer (As), arid (BW), semi-arid (BS), subtropical
dry-summer (Cs), subtropical dry-winter (Cw), subtropical humid (Cf), temperate
oceanic (Do), temperate continental (Dc), boreal (E), tundra (Ft) and ice cap (Fi).



However, the global forest area is declining due to deforestation. It is estimated
that the yearly decline of the total tropical forest area was, on average, 9.28 million
ha per year between 2015 and 2020. This average is significantly lower than the
period between 1990 and 2000, when it was 13.8 million hectares per year (FAO,
2020).

2.1.2 The forest’s processes
Tropical forest in the global carbon cycle

The carbon cycle is a biogeochemical cycle, consisting of pools, i.e. reservoirs, in
which the carbon can stay for a prolonged period of time, and fluxes, the streams
of carbon traveling between the different pools. Figure 2.2 visually summarizes this
cycle. Forests are part of the biotic pool and interact with the atmospheric and
lithologic pools, the latter is the combination of the pedologic and geologic pools in
the figure (Falkowski et al., 2000; Lal, 2008).

Biotic Pool Land use conversion
lolic Foo \ Respirations _
Wood » Atmospheric Pool

Non-wood } Photosynthesis (GPP)
Unknown sink A {
Decompoistion

Soil erosion

Geolocial Pool
Fossil resources

Y Weathering
Pedologic F’Dol Y
Soil organic Carbon Sediment / .
Sail inorganic Carbon "'"”'\ Oceanic Pool
Litter Weathering N
Peat

Figure 2.2: Global carbon cycle (adapted from Lal (2008)).

The largest carbon flux is the terrestrial gross primary production (GPP), between
the atmospheric and biotic pool, the photosynthesis in tropical forests and savan-
nas constitute 60% of this stream (Beer et al., 2010). This is balanced with an
efflux from the forests, namely ecosystem respiration (Mitchard, 2018; Lal, 2008).
Ecosystem respiration is divided into two main categories: autotrophic and het-
erotrophic respiration (Chambers et al., 2004; Lal, 2008). The vegetation (leaves,
stems and roots) carries out autotrophic respiration, with the largest portion of this
respiratory activity occurring in leaf tissues, as indicated by Cavaleri et al. (2008).
Heterotrophic respiration occurs when litter and soil organic matter is decomposed
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2. Literature review

during microbial activity in the soil, this is the flux travelling between the carbon
pools in the soil and atmosphere (Chambers et al., 2004).

Chave et al. (2001) studied the aboveground biomass (AGB) of the tropical forest in
a permanent plot, which is separated into two geologically different areas, in French
Guiana. They found that 79-81% of the AGB of the forest is represented by trees
with a diameter of 30 cm or above (measured at 130 cm). The same trees only
contribute to 19-21% of the basal area, meaning large trees contribute dispropor-
tionately to the total forest biomass. Using their calculations, they landed on an
average AGB in the two areas of 237 and 254 Mg.ha~! exclusively for trees with a
diameter larger than 30 cm. The total average AGB, including smaller trees, was
301 and 317 Mg.ha~1. The results of DeWalt and Chave (2004) are in the same or-
der of magnitude, about 250 Mg.ha—! and a basal area of 30.2 m2.ha~1. They also
looked at the structure of the Neotropical forest and found 75% of the individuals
were trees, 19% lianas and 6% palms. Their contributions to the AGB are respec-
tively 90.2%, 4.7% and 5%. In this case, this study might be more representative
as it included 4 lowland Neotropical forests, one of which is the study site of this
research.

The nutrient cycles in (tropical) forests

Higher plants have 17 essential elements. They are divided in macronutrients,
which are present in high concentrations: C, H, O, N, S, P, K, Ca and Mg, and mi-
cronutrients, which are present in low concentrations: Fe, Mn, Zn, Cu, B, Mo, Ni and
Cl. For some higher plants, Na and Si are also shown to be essential (Kirkby, 2005).
Nutrient supply affects the functioning of an ecosystem, making it an important
variable when looking at these forests (Vitousek, 2004).

Healthy plants contain 10-50 mg N.(g dry matter)~! or 1-5 % (Karthika et al., 2018;
Kirkby, 2005). They mainly take up nitrogen in 2 forms: ammonium ions (NH;")
and nitrate (NO3), for optimal growing conditions they need a mix of both (Kirkby,
2005). The 2 sources of nitrogen are the dead organic matter present as the layer
of litter on the forest floor and the atmospheric dinitrogen (N,) that is fixed by the
microbial community in the soil (Pajares and Bohannan, 2016).

Phosphorus is mainly present in rocks, plant and animal residues and the surfac-
ing soil (El Attar et al., 2022). There are 2 main categories: inorganic phosphorus
(Pi), representing about 35-70%, and organic phosphorus (Po), representing about
30-65% (Harrison, 1987). Pi is phosphorus that is either fixed in rock’s structure
and has reacted with Ca, Fe and/or Al forming discrete phosphates or has been ad-
sorbed on the surface of clay minerals and Fe/Al oxides, forming various complexes
(Shen et al., 2011; Zhang and Kovar, 2009). Pi can be released in low concentra-
tions through weathering of these minerals (Shen et al., 2011). Po is present in



the residue of dead organisms and in the microbial biomass and can be released
through mineralization by soil organisms and plant roots (El Attar et al., 2022; Shen
et al., 2011). Unlike with nitrogen there is no natural input from outside the ecosys-
tem and 90% of the total soil phosphorus is inaccessible for plant-uptake (Mengel
and Kirkby, 1987).

The studies of Vitousek (2004); Vitousek et al. (1993) and Reich et al. (1997) con-
cluded that in young forests the net primary production (NPP) is limited by nitrogen,
but over time the pools build up and the limitation weakens. Mature forests are on
the weathered soils and depleted of phosphorus over time (Vitousek et al., 1993).
The Neotropics are mainly covered by oxisols and ultisols, which are highly weath-
ered (Reed et al., 2011; U.S.D.A., 1999). Phosphorus becomes the main nutrient
limiting the NPP and functioning of mature tropical forests (Vitousek, 1984; Her-
bert and Fownes, 1995; Reed et al., 2011; Cleveland et al., 2011). In more recent
years the interest in other nutrients has picked up and potassium has become a key
nutrient in some studies (Yavitt et al., 2011).

The water cycle in tropical forests

The water balance has 2 inputs: precipitation and snowmelt, the latter is probably
limited in the Neotropics. The precipitation in the Neotropics ranges from 878 to
3991 mm.year—! (Poorter et al., 2017) and this incoming water can be intercepted
by vegetation and evaporated, evaporated from the soil, transpired, drained or be-
come surface run-off (Kumagai et al., 2005). Evapotranspiration includes all evapo-
ration and transpiration, on Barro Colorado Island (BCl, Panama) it yearly averages
to 3.6 mm.day~1, which can be divided into 5.2 mm.day~! during the dry season
and 2.8 mm.day~! during the rainy season (Larsen et al., 2021). Da Rocha et al.
(2004) performed a study in the south of Brazil, they found an evapotranspiration
of 3.51 mm.day~! and a yearly precipitation of at least 2200 mm. For both studies
between 50% and 60% of the precipitation is returned back to the atmosphere. Re-
cent research talks about a "forest sponge effect" (Ogden et al., 2013; Birch et al.,
2021). The soil of tropical forests has an increased infiltration capacity and moisture
retention during the wet season, storing more precipitation than pastures. This de-
creases the run-off at the same time and increases the baseflow, the water present
in the system before a storm, in the dry season.

2.1.3 Ecosystem services

In the previous section (2.1.2), some regulating and supporting ecosystem services
have been described. These are not the only services forests provide. Tropical
forests contain most of the Earth’s terrestrial biodiversity and a large number of
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2. Literature review

taxa have peak diversities in the tropics (Andresen et al., 2018; Corlett and Primack,
2011). The Neotropical forests specifically have a high species richness compared
to other biotic realms (Antonelli et al., 2018), which is for instance important for the
functioning of ecosystems, human health and well-being (Alho, 2008; Duffy, 2009;
Sandifer et al., 2015).

Tropical forests also provide a whole range of non-wood resources: fruits, nuts,
fibers and canes (e.g. rattan), essential oils, bamboo and resins. The rainforests
of Peninsular Malaysia alone boast around 1283 species that serve human needs,
excluding non-native species and those primarily sought for timber purposes. This
constitutes approximately 16% of Malaysia’s native species, indicating that one out
of every six species holds value for humans beyond wood (Jacobs, 1982). An ex-
ample is rattan, climbing palms from a subfamily of the palm family, the majority
is used for their cane, but also their edible fruits are being used. Several stud-
ies have attempted to calculate the economic value of non-timber forest products
(NTFP). Peters et al. (1989) studied a part of the Amazonian rainforest in Peru and
looked solely at the production of fruits and latex. They used annual production
rates, sampled or collected from literature, and average retail prices for the fruits
locally and the rubber prices, which are controlled by the Peruvian government.
They estimated a total value of 697.79 USD.ha~1.year—! for these NTFPs and for
the commercial timber this was 1000.78 USD.ha"l.year—1. Grimes et al. (1994)
studied the NTFP of the Jatun Sacha Biological Station in Ecuador. They estimated
sustainable harvest amounts and performed a market surveys for 13 species that
had a market value. The first 2 plots, located in a tierra firme forest with red clay,
were valued at 146.93 and 136.06 USD.ha~1.year—! and the third plot, located in
the floodplain forest with alluvial soil, was valued at 62.87 USD.ha"l.year1.

In addition, another key aspect is that these tropical forests are a pool of genetic
resources, which can be used in modern agriculture, medicine, industry and en-
ergy. The supplied genes lead to the production of many pharmaceuticals, which
can lead to multiple billions in cross-counter sales (Myers, 1988). Another example
for uses in agriculture comes from a primitive relative of modern maize found in
a montane forest of south-central Mexico. This plant is perennial, unlike modern
maize, and turned out to be resistant to 4 of the 8 major viruses and mycoplas-
mas, which caused a yearly loss of 1% of the global harvest worth 500 million USD.
This creates possibilities to make modern maize more resistant. The plant is also
adapted to cooler and damper areas which could potentially enlarge the range of
cultivation by one-tenth (lltis et al., 1979; Nault and Findley, 1981). It is important
to note that all these studies were performed at least 30 years ago. These numbers
indicate the importance of these NTFP, but they have probably increased in the last
decades.



2.2 The Earth’s Radiation Balance and Climate Forcing

2.2.1 The radiation balance

The radiation balance on Earth is maintained as the incoming solar radiation equals
the outgoing radiation into space and is visualised in Figure 2.3. The planet receives
on average an incoming solar shortwave radiation of 342 W.m~2. The atmosphere,
clouds and aerosols reflect 77 W.m~2 (22.5%) and the greenhouse gasses (GHG) in
the atmosphere absorb 67 W.m~2 (19.6%). 57.9% of the radiation ends up reaching
the surface and depending on the albedo of this surface, this is partially reflected
and absorbed by the surface. Averaged over the whole planet 30 W.m~—2 (8.8%)
is reflected and 168 W.m~2 (49.1%) is absorbed, the latter warming the Earth’s
surface. Since the Earth’s surface temperature is above 0 K, it sends out long-
wave, infrared radiation (IR). However, when this radiation is emitted, it is partially
absorbed by the atmosphere. The heated atmosphere then also emits radiation
both back to Earth (back radiation) and into space. The part directly emitted to
space (in the atmospheric window, 8-12 um) and emitted by the atmosphere into
space is equal to radiation reaching the surface. Without this back radiation, the
average Earth’s surface temperature would be -18°C (255.15 K) instead of the 15°C
(288.15 K) it is now. This is what is called the greenhouse effect (Berger and Tri-
cot, 1992; Kiehl and Trenberth, 1997). The absorption by the atmosphere is due to
GHGs present, they absorb infrared radiation in the range 5 um to 25 um due to
the vibrational modes of their molecular structure (Tuckett, 2015). The most promi-
nent GHGs are Water vapour (H,0), CO,, methane (CH,), nitrous oxide (N,O) and
halocarbons (IPCC, 1990, 2023).
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Figure 2.3: The Earth’s energy balance (adapted from Kiehl and Trenberth (1997)).

2.2.2 Radiative forcing

Atmospheric CO,, CH,4 and N,O concentrations have rapidly increased in the last
century due to human activities (IPCC, 1990, 2023). From ice cores extracted in
Antarctica and Greenland, a CO, concentration between 270 and 280 ppmv was
determined for the period between 1300 and 1800 (Friedli et al., 1986; Neftel et al.,
1982). The IPCC documented a concentration of 409.9 ppmv in 2019, this is an in-
crease of about 47%. Between the years 1000 and 1750, the concentration of CH,
and N,O were respectively 700 ppb and 270 ppb. However, by 2019, the concentra-
tions have reached 1866 ppb and 335 ppb, resulting in a 156% and 24% increase,
respectively. (IPCC, 1990, 2007, 2023).

The largest sources of CO, in the atmosphere are the emission of fossil fuels and
changes in land-use. Deforestation, a form of land-use change, is one of the ma-
jor drivers of the global gross CO, sources (Friedlingstein et al., 2022). The ini-
tial increase of the CO, concentration was due to deforestation and other land-use
change activities, the CO, emissions increased and simultaneously the forest area
was declining (IPCC, 2021). Both the increase of CH, and N,O are linked to the
intensification of food production. For (biogenic) CH,4, the main sources are wet rice
fields, cattle, animal waste, landfills and biomass burning. For (biogenic) N,O, they
are land-use change, fertilizer production and use and manure application (Van Am-
stel and Swart, 1994). N,O is released by microorganisms in the nitrogen cycle dur-
ing both the denitrification and nitrification pathway. It is the major driver behind
N,O emissions (Barton and Atwater, 2002; Kampschreur et al., 2009; Adouani et al.,
2015; Andalib et al., 2018).



The GHGs keep the temperature above 0°C (273.15 K) and are responsible for the
liguid water and a livable planet. They are necessary for life on earth, however,
due to the increase of anthropogenic GHGs this effect has been enhanced. The
atmosphere captures more of the outgoing radiation causing rising temperatures.
This enhanced effect is called (positive) radiative forcing. There is also a cooling
effect due to the increased presence of anthropogenic aerosols which reflect the
electromagnetic waves, but this effect peaked in the late 20t century and the tem-
perature has continued to rise (IPCC, 2023). It is important to note that not all of
the GHGs have the same effect for the same concentration.

2.2.3 Tropical forests and the radiation balance
Reflective properties of forest canopies

As previously mentioned, the albedo of the Earth’s surface influences how much
radiation is absorbed and reflected. Tropical forests cover a vast area of the planet
and thus, have a significant impact on the radiation balance (Mayaux et al., 1998).
When light touches a leaf, there are 3 options: absorption, reflection and transmis-
sion. Figure 2.4 visualises a typical reflectance pattern of a leaf for wavelengths
ranging from 400 to 2 500 nm.
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Figure 2.4: Leaf reflectance pattern (adapted from Roman and Ursu (2016)).

The visible light (VIS; 400-700 nm) more or less coincides with the photosynthet-
ically active radiation (PAR), meaning that plants use these wavelengths for their
photosynthesis (McCree and Keener, 1974; McCree, 1981; Vogelmann and Gorton,
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2014). The plant’s pigments, chlorophyll (a and b), anthocyanin and carotenoids
absorb the light energy and convert it into chemical energy (Rabideau et al., 1946;
Knipling, 1970; Zur et al., 2000). Absorption is not only dependent on pigment
concentration but also on the pigment’s composition and wavelength-specific ab-
sorption (Vogelmann and Gorton, 2014). In the VIS range, the leaves absorb most
in the blue and red wavelengths and reflect most in the green ones (the peak at 533
nm), causing the leaves to appear green to the human eyes (Knipling, 1970; Roman
and Ursu, 2016). Beans, spinach, Swiss chard and tobacco, four dicot species with
relatively thin leaves, on average absorb 82% of PAR, reflect 10% and transmit 8%
(Moss and Loomis, 1952).

In the near-infrared range (NIR; 700-1350 nm) the distribution changes drastically
absorption is low and reflectance and transmittance become high (Merzlyak et al.,
2002). Woolley (1971) looked at the spectrum of soybeans and the sum of the
reflectance and transmittance was about 96% in the 800-1100 nm range. The
absorption is limited to the biochemicals making up the dry matter of the leaves
(Jacquemoud and Ustin, 2019). The scattering of light in NIR depends on charac-
teristics of tissue anatomy, primarily cell shape and the volume and shape of the
intercellular air spaces (Vogelmann and Gorton, 2014; Roman and Ursu, 2016).

In the shortwave infrared (SWIR; 1350-2500 nm) the water in fresh leaves leads to
absorption at 1200 nm, 1450 nm, 1920 nm, and 2500 nm (Jacquemoud and Ustin,
2019; Carter, 1991). Water has primary effects, which are due to the absorption of
radiation at specific wavelengths, as well as secondary effects. The latter can’t be
explained by water’s radiative properties and are for instance linked to the water
content, which influences wavelength-independent processes, or due to absorption
by other substances present in the leaf. However, these secondary effects have a
lot less influence than the primary (Carter, 1991).

Impacts of radiative forcing on the Neotropical forest

During photosynthesis plants take up CO, from the air and since the CO, concen-
tration is increasing, a plant can take up more CO, from the same volume of air,
an effect called "CO, fertilization". This could lead to an increase in photosynthe-
sis or GPP if the leaf area index (LAI) remains the same (Cernusak et al., 2013;
Drake et al., 1997). This also goes hand in hand with an increased water-use effi-
ciency (WUE) as the stomata will need to be open less time for the same amount
of CO, (Cernusak et al., 2013). However, the increased CO, concentration in the
atmosphere also leads to an increased temperature, which negatively impacts the
potential net photosynthesis. The specificity of RuBisCO, the enzyme responsible
for fixating CO,, decreases at higher temperatures and it starts to fixate a higher
amount of O, and subsequently release CO, (Farquhar et al., 1980; Long, 1991).
On the other hand there is relatively less O, available in this case, so this effect
is suppressed at some capacity. It is speculated that the temperature threshold,
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beyond which the net photosynthesis declines, is a lot closer to current average air
temperatures in the tropics and other negative effects might occur sooner (Doughty
and Goulden, 2008; Doughty, 2011). For instance, if the leaf temperature is higher
than 45°C, RuBisCO may become denatured (Berry and Bjorkman, 1980). Even if
the temperature stays below this threshold, nutrient availability might become the
limiting factor and reduce the GPP increase (McMurtrie et al., 2008; Cernusak et al.,
2013).

Hulme and Viner (1998) modelled a future climate change scenario for the trop-
ics and the results indicate that the mean seasonal rainfall will decrease in the
Neotropics and the dry season will lengthen. This means that overall there will be
less rainfall and longer periods of drought, thus more extremes. More droughts cre-
ate larger water deficits which subsequently leads to increased tree mortality which
then results in a decrease of the forest biomass (Phillips et al., 2009; Enquist and
Enquist, 2011). (Nepstad et al., 2007; Brando et al., 2008; Phillips et al., 2009).

In addition, forest disturbance activities are known to be influenced by climate
(change), yet our understanding of the precise mechanisms remains limited. Com-
mon disturbances are drought, pathogens, insects, fire and wind (Seidl et al., 2017).
They affect the structure, composition and functioning of the ecosystem, resulting
in changes of the resource availability and physical environment (Pickett and White,
2013). Most knowledge on this topic comes from research on temperate or boreal
forests, but from these studies it has become clear that changing these patterns
will have profound impacts on the forest ecosystems in the next decades (Lindner
et al., 2010). In the Neotropics the activities of pathogens, fires and droughts are
affected, the activity in most cases being enhanced (Seidl et al., 2017). However,
Seidl et al. (2017) mentioned that broadleaved and mixed forest types suffer less
than coniferous forests from increased disturbances.

Based on paleo-ecological data Malhi and Phillips (2004) learned that the Neotrop-
ical forests were constantly shifting in composition and structure during the Pleis-
tocene (10 000 to 2 Myr BP) and the relatively stable Holocene (past 10 000 years).
They are clearly dynamic ecosystems and their sensitivity to climate change makes
it inevitable that they will continue to change.
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2.3 Lianas

2.3.1 Differences with trees

Lianas, often defined as woody vines, are a polyphyletic group, i.e. the character
trait grouping these species is not uniquely derived from a common ancestor (Farris,
1974; Schnitzer and Bongers, 2002). They share the same growth strategy, as they
ascend towards the canopy using other plants’ architecture (Schnitzer and Bongers,
2002).

Growth strategy/structural tissues

As opposed to epiphytes and hemiepiphytes, lianas are structural parasites that re-
main rooted in the ground for their entire life (Schnitzer and Bongers, 2002). Lianas
do not need to support their own weight to stand up. Thus, they need to invest
less mechanical support and bending resistance (Schenck, 1892; Schimper, 1898;
Schnell, 1970; Putz, 1983). This allows them to rapidly expand upwards when they
find a tree to climb (Putz, 1984b). On the other hand, trees are self-supporting
requiring a proportional growth in basal area with each height increment to ac-
commodate the added length (Greenhill, 1881; McMahon, 1973). Furthermore, the
xylem in trees - in contrast to lianas - can only maintain it’'s conducting properties
for a couple of years and afterward, it turns into nonconducting heartwood and pro-
vides extra structural support (Zimmerman et al., 1971).

In an evergreen tropical rainforest in the Rio Negro Basin (Venezuela), lianas rep-
resent up to 19% of the LAl However, their diameters are relatively small and
increase at an extremely slow rate, they account for only about 4.5% of the AGB
(Putz, 1990, 1983; Jordan and Uhl, 1978). This all results in a high specific leaf
area (SLA), leaf area per unit of dry mass, (Collins et al., 2016). However, even
though the stems are small, they can transport enough water and minerals for the
plant’s growth (Putz, 1983). The xylem vessels in lianas are specialized, they have
larger diameters allowing higher flow rates (Putz, 1983; Ayensu and Stern, 1964).
They have other anomalous secondary growth features such as included or intruded
phloem and more parenchyma in their vascular system (Ayensu and Stern, 1964).
Parenchyma cells are often simple and unspecified and coincidentally they have
the highest degree of developmental plasticity. They can be transformed into all
other cell types, which can play an important role in wound repair (Crang et al.,
2018). In contrast to trees, lianas lack nonconducting heartwood. Combined with
the slow growth rate of their diameter, it is suggested that the xylem maintains its
conducting properties for decades (Putz, 1983).

On average lianas have a lower wood density than trees (Campanello et al., 2016)
and the higher the wood density, the higher the contribution to the total biomass
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in (tropical) forests (Nam et al., 2018). The total leaf weight expressed as the basal
area ratio (kg dry weight.m=2) is much higher for lianas than for trees (Putz, 1983).
These findings both suggest lianas allocate more resources towards their leaves,
which are a form of short-term carbon storage, than trees.

Optical and structural leaf properties

In the preceding section, it is discussed how lianas allocate a greater portion of their
resources to their leaves, resulting in a higher SLA. This allocation has prompted
several studies to propose that lianas may have evolved specialized leaves opti-
mized for optimal light capture (Avalos et al., 1999; Sanchez-Azofeifa and Castro-
Esau, 2006; Kalacska et al., 2007).

Sanchez-Azofeifa and Castro-Esau (2006) conducted research in a seasonally dry
forest in Panama, revealing that lianas exhibited higher reflectance at 550 nm com-
pared to trees, along with lower chlorophyll concentration. Subsequently, Sanchez-
Azofeifa et al. (2009) expanded their study to include an aseasonal rainforest, where
they found that lianas consistently displayed higher SLA and water content than
trees across both sites. However, they observed lower chlorophyll and carotenoid
concentrations, as well as higher reflectance at 550 nm, specifically in the season-
ally dry forest.

Kalacska et al. (2007) focused exclusively on the reflective spectra of both growth
forms in the same seasonally dry forest studied by Sanchez-Azofeifa et al. (2009),
utilizing models to differentiate between them. They identified the top 10 impor-
tant wavebands for distinguishing between lianas and trees: three in the VIS range
(405 nm, 535 nm, 688 nm), one in NIR (987 nm), and five in SWIR (2252 nm, 1389
nm, 1376 nm, 1661 nm, 1350 nm), with 62% of the 100 most important wavebands
falling in the VIS region. Figure 2.5 compares the spectra obtained. Additionally,
Kalacska et al. (2007) examined canopy-level differences using data collected with
remote sensing, identifying the top 10 most important wavebands, all of which were
above 2000 nm in the SWIR region. Among the top 80 wavebands, 50% were in the
VIS, 12% in NIR, and 38% in SWIR.

Meunier et al. (2022) corroborated the findings of Sanchez-Azofeifa et al. (2009), re-
porting that lianas had significantly lower chlorophyll content (11.1 ug.cm=2 on av-
erage) and slightly lower carotenoid content (about 4.7 ug.cm=2). However, when
examining six different leaf-level studies, they noted a lack of consensus regarding
the difference in reflectance between lianas and trees. While most studies agreed
that lianas were more reflective in the VIS range, opinions diverged in the NIR and
SWIR regions.
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Figure 2.5: Reflective spectra of liana and tree leaves, depicted respectively in grey
and black (adapted from Kalacska et al. (2007)).

The interaction between leaves and light doesn’t only depend on biochemical prop-
erties, there are also structural traits that are of importance. It has long been
proven that the leaf angle influences the light interception of leaves (Nobel and
Long, 1985; Falster and Westoby, 2003; Duursma et al., 2012). In the tropics, the
maximum light capture of horizontal leaf angles is around midday and, at the same
moment, vertical leaf angles experience a minimal light capture during the day
(Falster and Westoby, 2003; Ventre-Lespiaucq et al., 2018). Plants with horizon-
tal leaf angles have a greater whole-day light interception than the vertical ones
(Falster and Westoby, 2003). Clumping of leaves also affects the light intercep-
tion (de Castro and Fetcher, 1999). If every other factor is equal, the clumping
causes increased self-shading (Falster and Westoby, 2003). Lianas tend to have
flatter/more horizontal leaf angles than trees, which enhances their light capture
efficiency. However, the leaves are also clumped more, which works counteractive
(Meunier et al., 2022).

2.3.2 Impact of lianas on forest functioning

Carbon cycle

In the past 2 to 3 decades it has become clear that lianas negatively influence the
carbon cycle, meaning less carbon is stored in forests when more lianas are present
(Van Der Heijden et al., 2013, 2015a,b; di Porcia E Brugnera et al., 2019). Meunier
et al. (2021) quantified this decrease using a modelling approach: in a liana removal
plot the total long-term carbon storage after 3 and 10 years is respectively 1.2 and
1.8 kg C.m~2 higher compared to a control plot. Van der Heijden and Phillips (2009)
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specifically studied treefall gaps and how lianas affect the evolution in these. The
estimation is that lianas reduce the forest net carbon uptake in the gaps with nearly
10%.

As lianas are climbing trees, the trees can become deformed or their stem or
branches can break. (Putz, 1991; Putz et al., 1995). They also tend to form a dense
layer of foliage covering the tree and limiting the light it receives, creating a heav-
ier competition for light (Putz et al., 1995; Avalos et al., 1999, 2007). The impact
of all this seems likely as host trees appear to have less leaf biomass on a one-to-
one basis with their liana infestation (Ogawa, 1965; Kira and Ogawa, 1971). The
reasons will be explained later in more detail, but the liana abundance is increasing
in the Neotropics and this exacerbates these effects (Phillips et al., 2002; Schnitzer
and Bongers, 2011; Van Der Heijden et al., 2013). Lianas thus cause a reduction of
tree growth and an increased tree mortality, but also a shift in tree species com-
position, which then all results in a decrease of the carbon uptake Van Der Heijden
et al. (2013, 2015b). The focus will now be on how they change the tree species
composition of the forest, on this topic there are currently discussions. According to
Putz (1984a); Clark and Clark (1990); Schnitzer et al. (2000); Van Der Heijden and
Phillips (2008); Van der Heijden and Phillips (2009); Ingwell et al. (2010); Schnitzer
and Carson (2010), lianas are more often climbing slow-growing, dense-wooded
and shade-tolerant tree species, which means that these species are more prone
to a liana infestation than faster-growing and light-wooded species. Combined with
their increasing abundance this affects the species composition, favoring the light-
wooded species. These dense-wooded species store the vast majority of the forest
carbon and are suffering the highest infestation rate with the coupled reductions
in growth, survival and recruitment. The light-wooded species have on average a
15% lower wood density and their growth rates are about 3 times higher. Lianas
could thus alter the species composition in the Neotropics by altering the compe-
tition amongst the species (Van Der Heijden et al., 2013; Schnitzer et al., 2000;
Schnitzer and Carson, 2010). If these effects persist, it can potentially lead to a
liana-driven reduction in carbon stored in tropical forest trees of 97 Pg C worldwide
(Van Der Heijden et al., 2013). Another estimation is a loss of 76% of the net AGB
accumulation, calculated 3 years after removal of the lianas (Van Der Heijden et al.,
2015a,b). After an additional 3 years the estimated, liana-induced carbon accumu-
lation by trees is 46.9% in the dry and 48.5% in the wet season, showing that this
might be a temporary loss (Van Der Heijden et al., 2019). However, there are thus
other hypotheses, Muller-Landau and Visser (2019) studied the influence of lianas
on tree communities and related the tree species’ shade-tolerance to liana preva-
lence and its overall tolerance of lianas. Shade-intolerant trees have a lower liana
tolerance, which, combined with more liana shedding, leads to a lower prevalence
(Visser et al., 2018a,b). The low tolerance increases mortality of the host tree,
which then decreases the prevalence of lianas. Thus the trees with the highest
tolerance against lianas are more competitive and consequentially more abundant
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(Muller-Landau and Visser, 2019). Muller-Landau and Visser (2019) also points out
that there are more trait variations of both trees and lianas which could determine
the liana tolerance. This thus gives a different explanation for the impact of lianas
on tree community composition than Van Der Heijden et al. (2013); Schnitzer et al.
(2000); Schnitzer and Carson (2010)

Long-term carbon storage in trees is decreasing due to the impact of liana on their
growth and mortality, but at the same time the abundance of the lianas is increas-
ing and this biomass should be accounted for to see if it can compensate for these
losses. Multiple studies have been carried out and the consensus is that this com-
pensatory effect is not large enough. Van der Heijden and Phillips (2009) quantified
this effect and the lianas only compensate for 30% of the reduction in carbon up-
take by tree growth they cause, Laurance et al. (1997) even goes as low as 8%.
Not only do the lianas take up less carbon due to the lack of structural tissues, they
also have higher turnover rates causing the residence time of the carbon in lianas
to be about 3 times lower than in trees, meaning that the carbon that is stored is
emitted back into the atmosphere a lot faster (Phillips et al., 2005).

Nutrient cycle

The study of Sdnchez-Azofeifa et al. (2009), stated that leaf nitrogen and phospho-
rus concentrations were not notably different between liana and tree leaves. More
recently however, Kazda (2015) studied the difference in the nutrient content in
lianas and their host trees. They found that the mass-based nutrient (nitrogen and
phosphorus) content was higher in liana leaves compared to tree leaves. Multiple
studies by the same research team compared lianas with their respective host tree
and liana leaves consistently have a lower leaf mass area (LMA) and a higher mass-
based nitrogen concentration. This because they focus on rapidly growing leaves,
which causes those to be thin rather than thick (Kazda and Salzer, 2000; Kazda and
Mehltreter, 2001; Salzer et al., 2006; Kazda et al., 2009). The results are similar
to those of Cai and Bongers (2007) and Gallagher and Leishman (2012). The rela-
tion between LMA and area-based nitrogen concentration is about twice as steep
in the climbers than in trees Salzer et al. (2006); Santiago and Wright (2007). This,
combined with the smaller area-based nitrogen concentration, makes Salzer et al.
(2006) suggest that climbers are better adjusted to light conditions than their host
trees. In a different study in a tropical rainforest in Madagascar Kazda et al. (2009)
found that lianas invest 5.5 and 2.7 times less nitrogen per volume space in leaves
compared to trees in a shade and high-light environment, respectively. For carbon,
the numbers are respectively 7.7 and 3.6. The data makes it clear that lianas invest
less carbon and nitrogen in the same growth space than trees and prefer high-light
environments.

The mass-based phosphorus concentrations are also higher in lianas than trees
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according to Kazda (2015). Cai and Bongers (2007) researched the nitrogen and
phosphorus content in mature and senescent leaves from lianas and trees. The
overall mean nitrogen and phosphorus resorption efficiency are respectively 48.9%
and 58.5%. Noticeable was that the phosphorus resorption efficiencies of lianas
were lower, creating litter with a higher concentration.

Lianas grow horizontally until they find an adequate, vertical structure which they
can climb. This means that lianas can even grow up to 100 m away from their orig-
inal position and root along the way. Therefore, they can relocate nutrients through
horizontal transport (Penalosa, 1984). Certainly, since the leaf litter of lianas is
nutrient-rich and easily decomposed (Laurance et al., 2001; Schnitzer et al., 2005;
Tang et al., 2012). This litter is hypothesized to be an important factor in main-
taining the productivity of the highly dynamic rainforests (Kazda, 2015; Tang et al.,
2012). There are also studies hypothesizing that lianas have deep root system,
which would give them access to more resources, this is discussed in the next sec-
tion.

Water cycle

The earlier and more well-known hypothesis of Schnitzer et al. (2005) regarding the
increase of lianas relative to trees, is that they have a strong belowground com-
petition for both nutrients and water. One of the key aspects is that lianas may
have a deeper root system, causing them to have access to deeper water reserves.
Testing this hypothesis by excavating the roots of trees and lianas on a large scale,
has proven to be difficult. However, Smith-Martin et al. (2019) measured the roots
of lianas and trees in a dry-season irrigation experiment with five-year seedlings
and found lianas did not have deeper roots than trees, but longer roots per stem
diameter than tree. Different experiments have been undertaken such as cutting
down the lianas and measuring the sap flow in the remaining trees (Schnitzer, 2005;
Toledo-Aceves and Swaine, 2008; Alvarez-Cansino et al., 2015). In these cases, the
sap flow increased, but this doesn’t constitute a single causal relation. Cutting down
these lianas also removes the light competition in the canopy, thus assigning this
increase to just a larger or deeper root system is incorrect (De Deurwaerder et al.,
2018). Other experiments used the single stable water isotope approach. Here the
isotope partitioning of the water inside the plant is linked to that in the different
soil layers. Chen et al. (2015) used this approach, using 3 different water depths
and deuterium as isotope. They found that lianas and trees both use deeper water
reserves during the dry season, but lianas are using more than their co-occurring
trees. Additionally, they found that the seasonal variation in leaf-level photosynthe-
sis varies less, which could support this hypothesis further as the deeper water is a
more stable source. However, the study of Andrade et al. (2005), using almost the
same technique, provided contradictory evidence. They found that lianas mostly
use water from the upper soil layers.
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More recently the general quality of the method and interpretation of these meth-
ods has been gquestioned as many suggest a dual stable isotope experiment is more
reliable (Renée Brooks et al., 2010; Stahl et al., 2013; Evaristo et al., 2016). Since
then De Deurwaerder et al. (2018) have quantitatively studied the below-ground
competition between canopy trees and canopy lianas in the lowland terra firme
rainforest of the Paracou Experimental Station (French Guiana) for the first time
using the proposed dual stable isotope approach. This research took place in the
dry season, when water limitation is most prevalent. They found that trees use
water from deeper soil layers. The trees in this experiment mainly depended on
wet season replenishment and the majority of this water originates from wet sea-
son rainfall that has infiltrated to deeper soil layers. Lianas on the contrary used
the precipitation in the superficial soil layers. The study on its own isn’t enough to
disprove the prevailing hypothesis but further examination of deeper soil samples
or root excavation could help to come to a conclusion. Since the lianas and trees
access different sources of water this would also mean that there is only limited
competition going on. However, the nutrient concentration is highest in the top soil
layers, which could give lianas the sought advantage over trees. These findings
should also be tested further.

There is thus no consensus on whether or not lianas access deeper water reserves.
However, there are other advantages that lianas have which increase their water-
use efficiency. The opening and closing of the stomata determines the water loss by
transpiration. If the stomata are open the plant is able to capture CO, for its photo-
synthesis, but simultaneously water is lost due to transpiration (Ketellapper, 1963).
Balancing these 2 processes is thus of high importance. Since lianas are often in
places with a lot of sunlight and a high vapor pressure deficit, they need to regulate
this balance carefully and they might do so more rapidly than trees (Campanello
et al., 2016). Lianas also have the ability to adjust their internal water potential
gradient, this allows them to take up water under drier conditions (De Guzman
et al.,, 2017; Maréchaux et al., 2017). This does not mean that this is an advan-
tage for lianas during longer drought periods (De Deurwaerder et al., 2018). To
conclude, lianas have specialized mechanisms to increase their WUE, but there is
no consensus about the general depth of the root system, which is not ideal.

2.3.3 Increasing abundance

As previously mentioned the abundance of lianas is clearly increasing in Neotropical
forests Phillips et al. (2002, 2005) were the first to publish these findings, and since
many studies found supporting evidence (Wright et al., 2004b; Schnitzer, 2005; In-
gwell et al., 2010; Yorke et al., 2013; Laurance et al., 2014). This increase is clearly
present in seasonal forests, but less outspoken or absent in aseasonal rainforests
(Schnitzer, 2005; Smith et al., 2017). Multiple studies calculated the liana stem den-
sity (ha—1) increase for different seasonal, old-growth tropical forests. Phillips et al.
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(2002) found an average increase of 4.03 % over 5 years in 4 Amazonian regions
(North Peru, South Peru, Bolivia and Ecuador), Laurance et al. (2014) found 1%
yearly increase north of Manaus (Brasil) and Yorke et al. (2013) found one of 14%
over 8 years in northeastern Costa Rica. For liana basal area (m2.ha—1), the values
were 4.58%, 4.32% and 17.5% respectively. The leading hypothesis for the mecha-
nisms behind this increase was that they have a deeper root system and a more ef-
ficient vascular system giving them a competitive advantage during the dry season
(Schnitzer, 2005). As explained in the section 2.3.2 about the water cycle, there is
no consensus on this topic and other hypotheses have also been formed. Decreas-
ing rainfall and increasing seasonality and temperature are key components to the
increasing abundance (Schnitzer, 2005; DeWalt et al., 2010; Swaine and Grace,
2007). However other components are emerging and abundance seems positively
correlated to disturbance, tree mortality and forest turnover, meaning the faster
the dynamics in the forest, the more the liana abundance increases (Schnitzer
et al., 2000, 2004; Schnitzer and Carson, 2001, 2010; Schnitzer and Bongers, 2011;
Laurance et al.,, 2014). Lianas seem more efficient at colonizing new tree gaps
than trees, using more recruitment methods (Schnitzer et al., 2000; Schnitzer and
Bongers, 2011). Combined with their growth strategy allowing them to grow more
rapidly in height than trees, up to 7 times more during the dry season and 2 times
during the wet season (Schnitzer, 2005), this gives them a competitive advantage
to fill these gaps, which are high-resource environments (Schnitzer and Bongers,
2011; Schnitzer and van der Heijden, 2019). Lianas also increase tree mortality
(Ingwell et al., 2010; Van Der Heijden et al., 2013, 2015b) and thus forest turnover
creating a positive feedback loop (Schnitzer and Bongers, 2011). Higher CO, con-
centrations could potentially be an other reason for the increased liana abundance
(Schnitzer and Bongers, 2011; Phillips et al., 2002). Granados and Korner (2002)
set up a seedling experiment in a greenhouse and lianas did respond to elevated
CO, concentrations. Marvin et al. (2015) performed a similar experiment along
a secondary forest edge in the Neotropics and found no evidence to support this
hypothesis. Lianas are responding faster to ambient higher CO, concentrations in
the temperate forests (Hattenschwiler and Kérner, 2003; Belote et al., 2004). This
could be due to their relatively high leaf area to total plant mass (Cai et al., 2009;
Zhu and Cao, 2009, 2010). However, there is not yet a similar study with ambient
CO, concentrations in the tropics. The hypothesis is that for the same unit leaf area
a liana will generally grow faster than a tree. This than works as positive feedback
as the plant grows more photosynthetic tissue (Schnitzer and Bongers, 2011). Zhu
and Cao (2010) hypothesized that liana leaf characteristics are the reason, they
have a higher SLA, photosynthetic rates, nitrogen and phosphorus use efficiencies
and lower leaf construction cost and life span. As mentioned in section 2.2.3 the
stomata can be open a shorter time and capture the same amount of CO, at el-
evated concentrations. As lianas are seemingly better adapted to growing under
drought stress, they are able to profit more than trees (Schnitzer, 2005; Cai et al.,
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2009; Zhu and Cao, 2009).

More recently Umanfa et al. (2020) found that the increase in relative abundance of
lianas has levelled off. This could potentially lead to the same effect for adult lianas
in the future, but this needs to be monitored.
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3. MATERIALS AND METHODS

3.1 Description of the studied site

The fieldwork for this research was carried out on Gigante Peninsula which is part of
the Barro Colorado Nature Monument (BCNM; 9.15°N, 79.85°W) in Panama, under
the management of the Smithsonian Tropical Research Institute (STRI). The penin-
sula is covered by a seasonally dry, secondary tropical moist forest about 60 years
old (Van Der Heijden et al., 2015a) and 8-9% of the area is covered with drought
deciduous trees (Bohlman, 2010). The soils in the BCNM are mostly oxisols and
inceptisols, which are highly weathered (Marvin et al., 2016).
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Figure 3.1: Map of studied site (adapted from STRI (2024)).

The site has a distinct wet (May-December) and dry (January-April) season (Alfaro,
2002; Phillips et al., 2004; Cornthwaite, 1919). Paton (2024) summarized the yearly
precipitation at Barro Colorado Island (BCI) for the last 100 years. The minimum,
maximum and average yearly precipitation are, respectively, 1699 mm (in 1997),
4487 mm (in 1981) and 2465 mm. In 2023 the total precipitation was 1704 mm and
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the minimum and maximum temperatures were, respectively, 23.0°C and 32.0°C.
Starting in mid-October of 2023 the indicators in the central-eastern tropical Pacific
were consistent with El Nifio, the warm phase of El Niflo-Southern Oscillation (ENSO)
(W.M.O., 2023). During El Nifio years, there is a sharp decrease of the annual pre-
Cipitation as visible in 2023 (Estoque et al., 1985).

3.2 Data collection

The fieldwork took place during the wet season of 2023 (August-September) in
continuation of the fieldwork previously done during the dry season of the same
year (January-February) by ir. Line Van Der Sichel, ir. James Counye and ir. Kasper
Coppieters. There is an ongoing liana removal experiment on Gigante Peninsula. It
consists of 16 (60 x 60 m) plots, which were established in 2008 (Van Der Heijden
et al., 2015a). In March 2011, half of the plots were randomly selected and the
lianas were removed, the other 8 were left unchanged and act as the control plots.
All the removal plots are kept liana-free up to this day. The focus was on the species
of both growth forms with the largest basal area in the 16 plots from the liana
removal experiment (Van Der Heijden et al., 2015a). Leaf samples were gathered
from both trees and lianas, predominantly within the sunlit layer of the canopy,
with a smaller portion originating from the second layer, the layer just below. The
samples were collected on Gigante Peninsula outside of the 16 plots in order to
maintain their scientific integrity, as the collection process could potentially impact
the sampled individual. The collection process involved utilizing the "Notch Big
Shot" throw weight launcher (Figure 3.2), in conjunction with a throw weight. A
throwing line was attached to the weight and propelled towards a suitable branch.
Upon achieving proper placement, the weight was lowered to ground level and
exchanged for a sturdier rope. This rope was then manoeuvred over the branch
using the throw line, and once both ends reached ground level, it was tightened
and manually pulled to fracture the branch (Youngentob et al., 2016). Successful
execution of this method resulted in the branch falling to the ground with at least
4 mature, undamaged leaves. For each individual, a unique number, the time of
sampling, the coordinates, a description of the location, as well as the position in the
canopy and growth form were recorded. Table A.1 in Appendix A gives a summary
of all sampled species during the two field campaigns. In total 219 individuals were
sampled across both seasons, 124 trees (42 species) and 95 lianas (43 species). 37
trees and 32 lianas in the dry season and 87 trees and 63 lianas in the wet season.
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(a)

Figure 3.2: A "Notch Big Shot" throw weight launcher (a) (adapted from Notch (nd))
and (b) used in the field.

3.2.1 Leaf reflectance measurements

After collection (20 min - 1 h), the sample’s reflectance was measured for wave-
lengths between 350 and 2500 nm with the ASD FieldSpec 4 (Analytical Spectral De-
vices (ASD) FieldSpec 4 Hi-Res; Malvern Panalytical, Longmont, CO, USA) portable
spectroradiometer (FS4) equipped with an ASD Leaf Clip attached to a Plant Probe
(Figure 3.3). This setup ensured minimal ambient light interference with the mea-
surement. Before measuring spectra, the ASD was first turned on for 30 minutes,
allowing the internal sensors to reach their optimal temperature. Next, a mylar
film (a wavelength calibration puck) was scanned to ensure the FS4 was working
correctly. The Leaf Clip is equipped with both a white and black cap. About every
2 minutes the white cap was used to take a white reference, as the result is set
as 100% reflection, to ensure the calibration was optimal. The black cap was used
while measuring the reflectance of a leaf as it is assumed to absorb all wavelengths
the leaf transmits. Between scans, there was a small wait period to ensure the Leaf
Clip was properly placed. The ASD was set to average over 10 scans per sample
and 20 scans per white reference. Only mature leaves with minimal damage were
selected for scanning, and prominent veins were avoided during the scanning. Per
sampled individual, four leaves were selected and four samples were taken on ev-
ery leaf, resulting in 16 samples per individual with each a unique scan number. If
the leaves were too small to make multiple measurements, additional leaves were
scanned to obtain 16 samples.
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Figure 3.3: (a) ASD FieldSpec 4 portable spectroradiometer (adapted from Analytik
(nd) and (b) ASD Leaf Clip (adapted from Malvern Panalytical (2019)).

3.2.2 Leaf structural and biochemical traits

Each leaf was labeled, its reflectance spectrum was scanned with the ASD FS4 and
it was photographed in the field for future reference and identification purposes.
The thickness of each leaf was measured in two places, using a thickness mea-
suring micrometer with an accuracy of 0.001 um, again avoiding prominent veins.
Other leaf traits were measured in the lab. To minimize the moisture loss between
the sampling and the further processing, the sampled branch and the sampled
leaves were put in a black plastic bag. CO, was added by exhaling in the bag, since
stomata start closing at high CO, concentrations (Zeiger et al., 1987). Upon arrival
at the laboratory on BCI (1.5 to 8 hours after sampling), the samples were pho-
tographed using a fixed camera to calculate the leaf area using Image) (Figure 3.4).
Separate pictures were taken from the scanned leaves, and from additional leaves
that were included to increase the sample size and make sure the weight of all the
leaves was sufficient to get accurate measurements of the difference in dry and
wet weight for each individual. The leaves were weighted to obtain the wet weight
and then placed in a paper envelope and collectively dried in an oven at 60 °C for
at least 48 hours. Afterwards, the weight was measured again to obtain the leaf dry
content (LMA; dry weight/leaf area; g.cm™2) and the leaf equivalent water thickness
(Cw; water weight/leaf area; g.cm~2). The residual fresh leaves and branches were
used to identify the species by a local botanist and field technician with years of
experience, Boris Bernal. The dried samples were placed in tight ziplock bags to
avoid water uptake from the air. These samples were transported back to Belgium,
accompanied by silica gel. All samples were then ground into a thin powder using a
high-speed rotor mill (Retsch Ultra Centrifugal Mill ZM 200, at 14 000 rpm and 0.25
mm sieve size with trapezoid holes). This powder was then weighed, 1.5 mg for
tree leaves and 2 mg for liana leaves, both with a deviation of maximum 10%. The
samples were weighed in a tin measuring cup, which was consecutively rolled into
a small ball. From these samples the carbon (C) and nitrogen (N) content as well
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as their stable isotopes, carbon-13 (613C) and nitrogen-15 (61°N), were determined
with an elemental analyser - isotope ratio mass spectrometer (EA-IRMS), EA IsoLink
interfaced through a ConFlolV to a delta Q of Thermo Scientific, Bremen. Measured
513C values were normalised on the Vienna Pee Dee Belemnite (VPDB) scale using
USGS 61 (Caffein #1 -35.05 + 0.04 %o v.s. VPDB) and B2159 (Sorghum (EM) -13.78
+ 0.19 %o v.s. VPDB), and IA-R001-2019 (Wheat -26.43 + 0.08 %o v.s. VPDB) was
used as quality control. Measured §1°N values were normalised on the AIR scale
using Acetanilide #3 (40.57 + 0.04 %o v.s. AIR) and B2159 (Sorghum (EM) -13.78 +
0.19 %o v.s. AIR), and IA-R001-2019 (Wheat -26.43 + 0.08 %o v.s. AIR) was used as
quality control.

(b)

Figure 3.4: Picture taken to calculate leaf area with Image) (a) before and (b) after
processing.

3.3 Data pre-processing

The leaf reflectance spectra measured in the field were saved as txt files and col-
lectively loaded into R Studio (2023.12.1 Build 402 (Posit, 2024) with R 4.3.3. ver-
sion (R Core Team, 2021)). All spectra were linked with information on species,
growthform, season etc. using the unique individual number and the name of the
spectrum. Each individual had about 16 spectra of 4 different leaves, in total 4166
spectra were collected. These spectra came from 215 individuals of which 124 trees
and 91 lianas, the leaves of 4 lianas were too small to measure the reflectance spec-
tra. The spectra were all visualised in a plot grouping the subsamples of each leaf.
From these graphs three possible problems were recognized, which are visualised
in red in Figure 3.5. There were noisy or leafless spectra (A) in which cases the leaf-
clip was either improperly covering the leaf, letting in spectral interference from
the environment, or the spectrum was taken on accident. A second kind of faulty
spectra was a zero spectrum (B), meaning a spectrum was saved where the black
cap was used and no leaf was present. Both these kinds of spectra were removed,
totaling 4 noisy spectra and 2 zero spectra. Finally, there were floating spectra (C),
they were essentially hovering above the rest of the subsamples of the same leaf
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with a similar distance over the entire spectrum. These last ones were outliers and
were bias-corrected.
To identify the outliers, the mean reflectance (R.mean) of each subsample over the

A) Noisy/leafless spectrum (INO90605) B) Zero spectrum (IN012801) C) Floating spectrum or outlier (IN022202)
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Figure 3.5: Examples of faulty spectra.

entire spectrum was calculated as well as the mean reflectance of the individual,
the interquartile range (IQR), the first (Q1) and third quartile (Q3). Then a range
was determined: [Q1(Individual) - 1.5 x IQR; Q3(Individual) + 1.5 x IQR]. If the
mean of the subsample fell outside of this range, it was deemed an outlier and the
following set of calculations was applied.

Bias = R.mean (indiviual excl. outlier) — R.mean (outlier) (3.1)

Reflectance (corrected outlier, WV) = reflectance (outlier, WV) — bias (3.2)

The results of this bias correction is visualised in Figure 3.6. For lianas, there were
58 outliers and for trees 111, meaning about 4.1% of the 4 160 spectra (excl.
the 6 noisy and zero spectra) were identified as an outlier and subsequently bias-
corrected.

The cleaned spectral dataset was then merged with the datasets with the informa-
tion on the nutrient content (N, C, §1°N, §13C), the leaf thickness and the structural
characteristics (LMA, C,,). The nutrient content and structural characteristics were
measured on the sampled individual level and coupled to all spectra of that in-
dividual. The leaf thickness was measured on a leaf level, coupling the average
thickness of the 2 measurements to the corresponding leaf number.
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Figure 3.6: Bias-correction on an outlier, before correction: red dashed line, after
correction: red solid line, non-outliers: black dotted lines.

3.4 Data analysis

3.4.1 Comparing leaf traits and reflectance bands

Different bands were extracted from the reflectance spectra, which according to
literature seemed to contain most information (the chosen intervals are mentioned
in Table 3.1). The average reflectance over these bands was calculated for each
subsample. The distributions of the structural and biochemical leaf traits (C, §13C,
N, 61°N, LMA, Cy, and the leaf thickness) as well as the reflectance in the spe-
cific bands were visualized using violin plots in combination with the "geom_signif"
function of the "ggsignif" package (Ahlmann-Eltze, 2022), which used the unpaired
two-sample Wilcoxon test to evaluate the difference between the growth forms or
seasons for each variable. To assess the statistical difference between the growth
forms and the seasonality in each growth form a Kruskal-Wallis (non-parameteric)
test (KW) and the analysis of variance (ANOVA) test of package "stats" (Bolar, 2019)
was used (Kruskal and Wallis, 1952). The relative changes between growth forms
and seasons were determined, using trees or the wet season as the references re-
spectively. The sunlit leaves were also extracted and assessed to remove effects
from the canopy layer.
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Table 3.1: Spectral bands

Band Interval wavelength (nm)

Blue 425 - 475
Green 525 -575
Red 645 - 695
NIR 750 - 950
Waterl 1425 - 1475
Water2 1915 - 1965
Water3 955 - 1005
Water4 1215 - 1265

Subsequently the correlations of the different variables was analysed. The corrplot
package (Wei et al., 2021) was used to calculate the correlation between differ-
ent leaf traits. The correlation between the structural and biochemical leaf traits
and the average reflectance in each band was calculated. This was done for both
growth forms, all trees and lianas separately and then for each season and growth
form. The difference between the dry and wet season correlation was visualised
using a heatmap. The r-squared values (R?) of these correlation coefficients were
computed as well. These values are the squares of the correlation coefficients and
provide an indication of the strength of the correlation.

3.4.2 Linear mixed-effects models

The collected data is not independent, as multiple samples of the same species
were sampled. Linear mixed-effects models allow us to assess fixed and random
effects, a fixed effect is a parameter that does not vary in contrast to a random
effect, which is a random variable parameter. In this case the response variable
is the average reflectance in a certain spectrum band. The growth form, season
and layer are the fixed effects and the species, individual and leaf are the random
effects, which are nested in each other. Two linear mixed-effects models were ap-
plied to the whole dataset: Model 1 and 2 using "Imer" from package "Ime4" (Bates
et al., 2024). The difference was the introduction of variable slopes for the random
effect for each growth form in Model 2. An ANOVA test was then performed and
if the random slopes added a significant difference, the random slopes were used.
The square root transformation was applied to improve normality.

Model 1 :

v Band ~ Growth form x Season + Layer + (1l|Species / Individual/ Leaf)
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Model 2 :

v Band ~ Growth form x Season + Layer
+ (1 + Growth form|Species / Individual / Leaf)

The variance proportions of the model components were subsequently assessed
with the following equations (3.3-3.5) using the packages "performance" (Ludecke
et al., 2024) and "partR2" (Stoffel et al., 2024).

% Residual variance =100% — R2C x 100% (3.3)
% Random variance = (R*C — R*M) x 100% (3.4)
% Fixed variance = R?M x 100% (3.5)

The marginal pseudo-R? (R2M) is the percentage of variance explained by the fixed
effects, the conditional pseudo-R? (R2C) is the percentage of variance explained
by both fixed and random effects. The residual variance is not explained by either.
The random variance was then subdivided between the different variables (species,
individuals and leaves) with the "VarCorr" function.

However, the results of these models are not statistically interpretable before the
model assumptions are checked. Gelman and Hill (2006) listed the four necessary
assumptions to make statistically relevant conclusions.

1. Alinear relation between the predictors, fixed and random, and the response
variable. This assumption can be assessed visually by plotting the residu-
als against the predicted values as well as the locally estimated scatterplot
smoothing (LOESS). If the points are randomly dispersed around the horizon-
tal axis and the LOESS goes horizontally across the x-axis, this assumption is
fulfilled.

2. There must be no autocorrelation, independence of the residuals. This as-
sumption can be assessed with the Durbin-Watson test which is part of the
“car" package (Fox et al., 2023) (Durbin and Watson, 1950). The Durbin-
Watson statistic generally ranges from 0 to 4, a value of 2 suggests no au-
tocorrelation, less than 2 suggests positive autocorrelation and above 2 sug-
gests negative correlation. Additionally the residuals are plotted against the
relevant predictors in violin plots to search for possible patterns.

3. The residuals should be homoskedastic, this can be assessed with the Levene
test (Levene, 1960).

4. The residuals should be normally distributed. This can be visually assessed
with quantile-quantile plots (Galton, 1886) and statistically with the Shapiro-
Wilk normality test (Shapiro and Wilk, 1965; Shapiro et al., 1968).
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However the last two assumptions are less important than the first two.

3.4.3 Partial least squares regression (PLSR)

Variables in a dataset are often correlated, which complicates model analysis. Par-
tial Least Squares Regression (PLSR) addresses this issue by combining the vari-
ables into components. Each variable is assigned a weight, and the components
are formed by multiplying these weights with the variables and summing the re-
sults. This technique reduces dimensionality and minimizes correlation among
variables. In PLSR, the weights are chosen to maximize the covariance between
the dependent (response) and independent (predictor) variables first, and then to
maximize the variance explained in the data. This dual focus allows PLSR to effec-
tively capture the relationships between predictors and responses. PLSR is similar
to Principal Component Analysis (PCA) in that both techniques create components
from the original variables. However, while PCA determines weights to maximize
the variance within the data, PLSR optimizes the weights to account for both the
variance in the predictors and their covariance with the response variables. Con-
sequently, PLSR assigns higher weights to the variables that best explain the de-
pendent variable. In summary, PLSR offers a significant advantage by considering
the relationship between predictors and responses, making it a powerful tool for
predictive modeling (Abdi, 2003; Wold, 1966).

Here the protocol of Burnett et al. (2021) was applied to assess the relationship
between the leaf reflectance at different wavelengths and specific structural and
biochemical leaf traits: C, §13C, N, §1°N, LMA, C,, and the leaf thickness. In order
to predict these leaf traits from leaf-level hyperspectral data. Burnett et al. (2021)
recommended removing the smallest and largest wavelengths since they tend to
interfere, so the spectrum was limited from 400 to 2400 nm. Otherwise there are
no "hard’ distribution assumptions PLSR relies on. First the data is split in a calibra-
tion and validation dataset, the data was grouped per individual so all spectra of the
same individual are in the same dataset. Subsequently, the optimal amount of com-
ponents was determined using PLSR with a maximum of 16 components and the
model with the correct amount of components was fitted. The performance of this
model is then evaluated using leave-one-out cross validation and the RMSE and R2
are reported. Afterwards, each wavelength is linked with its coefficient and variable
influence of projection (VIP). A VIP higher than 0.8 indicates that the wavelength
is of importance for the model prediction. Finally, a model uncertainty analysis is
performed using a Jackknifing approach. This method removes one observation,
retrains the model with the leftover samples and then uses the removed sample to
evaluate the model’s performance. This results in a plot with the mean, the mini-
mum and the maximum coefficient and the 95% confidence interval indicated.
When the differences between growth forms and between seasons within growth
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forms was assessed, when a wavelength’s VIP was important in one growth form or
season and not in the other, it was indicated by a solid line in the graphs.

3.4.4 Discrimination hyperspectral data

To assess whether the spectral data was able to distinguish between seasons and
growth forms, the Kullback-Leibler divergence (Dg;) was calculated between both
groups using equation 3.6, which was used over the full spectrum (350 - 2500 nm)
(Kullback and Leibler, 1951; Visser et al., 2021).

End WV A )2 A) — u2(A))?
log(ol( )+02( )*+ (U1 (A) — u2(A)) 1)d)\ (3.6)

02(A) 201(\); 2

Dk (1]2) =f

Start Wv

With o1(A) and o02(A) as the standard deviations of the first and second group for
wavelength A and ui1(A) and uz(A) as the respective means.
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4. RESULTS

4.1 Comparing leaf traits and reflectance bands

The results of the non parametric Kruskal-Wallis (KW) test and ANOVA test indicate
the same significant differences. Lianas and trees exhibit significant differences in
613C content, Cy, and LMA (Table 4.1). For all these variables the mean value for
the trees is higher than that of lianas as indicated by negative relative changes.
The violin plots in Figure B.1 and B.2 compare the growth forms in both seasons
and in the dry season the §13C content is not significantly different anymore. The
seasonal differences of the leaf traits within the growth forms are also studied and
show no significant seasonal changes. When only the sunlit leaves are assessed,
the leaf thickness of trees is also significantly higher than that of lianas. This is only
present in the dry season (ANOVA: p-value = 0.00; KW: p-value = 0.03) and when
the seasons are combined (ANOVA and KW: p-value = 0.00).

When both seasons and layers are taken into account, trends across the seasons
are the same. However, if the growth forms are compared within seasons, there
are some differences. The carbon, nitrogen and §'°N content are (insignificantly)
higher in lianas in the dry season, but in the wet season, this is the opposite (Table
4.2).

Table 4.1: The average value + the standard deviation for each leaf trait for both
growth forms (88 lianas and 107 trees) are given. The column ‘A %’ indicates
whether there is a relative increase or decrease of the trait’s value for a liana leaf
compared to a tree leaf. The significant p-values between growth forms, according
to the ANOVA test (ANOVA) as well as the Kruskal-Wallis test (KW), are underlined.

Variable  Unit Tree Liana A% ANOVA KW  x?
C [%] 43.21 +£3.13 42.95 +3.58 -0.60 0.49 0.81 0.06
s13C [%0] -29.82 £1.47 -30.36 £1.19 -1.81 0.01 0.00 9.23
N [%] 1.93 +0.67 1.79 +£0.48 -7.31 0.10 0.26 1.26
515N [%0] 0.37 £1.47 0.51 £1.42 37.83 0.58 0.60 0.27
Cw [g.cm™2] 0.018 £0.01 0.013 £0.00 -24.18  0.00 0.00 28.8
LMA [g.cm~2] 0.011 +£0.00 0.009 +0.00 -16.18 0.00 0.00 12.6
Thickness [mm] 0.25 +0.07 0.23 +0.05 -6.98 0.06 0.25 1.34
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Table 4.2: The average leaf traits for leaves of the sunlit layer for different growth
forms and seasons. Columns SL and ST represent the relative seasonal change in
lianas and trees, respectively, when transitioning from the wet to the dry season.
Columns D and W indicate the relative change from a tree leaf to a liana leaf during
the dry and wet seasons, respectively. The changes that are significant according
to the ANOVA and Krustal-Wallis tests are underlined.

Liana: Tree: % % % %
Variable Unit Dry  Wet Dry  Wet SL ST D w
C [%] 432 42.8 426 432 1.04 -1.37 149 -0.93
§13C [%ov.s. VPDB] -30.3 -30.4 -29.9 -29.2 -0.25 226 144  3.99
N [%] 1.79 1.79 1.72 1.88 -0.36 -8.78 4.11 -4.69
51°N [%ov.s. AIR] 0.74 0.38 0.11 0.44 93.7 -75.4 592 -12.04
Cw [g.cm™2] 0.01 0.01 0.02 0.02 -9.81 -5.96 -31.9 -29.0
LMA [g.cm™2] 0.01 0.01 0.01 0.01 -1.08 10.8 -29.0 -20.5
Thickness [mm] 0.21 0.24 0.28 0.26 -11.8 7.47 -254 -9.11

There is a statistical difference between the leaf reflectance of the growth forms in
the Green, Waterl and Water2 bands across both seasons (Figure 4.1). The mean
reflectance in these bands is 1 to 2 % higher for lianas than trees (Table 4.3). If
the data is split up between the seasons. There are no significant differences in
the reflectance of any of the bands in the dry season (Figure B.3). The reflectance
of lianas is (insignificantly) higher than trees in Green and Waterl band and (in-
significantly) lower in the remaining bands. In the wet season, the reflectance of
the Waterl and Water2 bands is significantly higher for lianas, in the other bands
the reflectance is insignificantly higher for lianas (Figure B.4). When only the sunlit
layer is taken into account, there are no added changes, however, the significance
of the difference in the Waterl and Water2 bands increases.
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Figure 4.1: Violin plots for each band comparing the two growth forms. An ANOVA
test was implemented to assess possible significant differences in the means of the
groups. (Significance: * 0.05 level, ** 0.01 level, *** 0.001 level, NS. no signifi-
cance). The y-axis varies per band.

Table 4.3: The mean reflectance and standard deviation (%) for each band and
growth form. Bands that are significantly different between lianas and trees are

underlined.
Tree Liana Tree Liana
Band Mean +sd Mean +sd Band Mean +sd Mean +sd
Blue 0.04 £0.01 0.04 +0.01 | Waterl 0.17 +£0.03 0.19 +0.03
Green 0.09 +£0.02 0.10 +0.02 | Water2 0.04 +£0.02 0.05 +0.01
Red 0.04 +£0.01 0.04 +0.01 | Water3 0.53 +0.04 0.53 +0.03
NIR 0.54 +£0.05 0.53 +£0.03 | Water4 0.51 +£0.04 0.51 +0.03

The reflectance of lianas is not significantly influenced by seasonality. However,
for trees, the reflectance is significantly different between the seasons, as the NIR,
Water3 and Water4 bands have increased reflectance in the wet season compared

to the dry season (Figure 4.2; Table B.1).
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Figure 4.2: Violin plots for each band comparing them between the two seasons for
trees. An ANOVA test was implemented to assess possible significant differences in
the means of the groups. (Significance: * 0.05 level, ** 0.01 level, *** 0.001 level,
NS. no significance). The y-axis varies per band.

Lianas seem to have less correlation between leaf traits and between the leaf traits
and the reflectance in the bands, as the dots are both smaller and lighter in color
(Figure 4.3). The mean and median correlation of lianas are, respectively, 0.17
and 0.13 and for trees, they are 0.22 and 0.19, only the relevant combinations
are included. 63C appears to be uncorrelated to the Waterl and Water2 bands
in lianas, but in trees a negative correlation is present. For lianas §1°N seems
to be negatively correlated with the Blue, Green, Red, Waterl and Water2 bands,
but for trees, it is positively correlated with the NIR, Water3 and Water4 bands.
When the correlation is calculated for each season separately, it results in higher
correlations in most cases. The mean and median correlation of lianas increases to,
respectively, 0.21 and 0.16 in the dry season and 0.21 and 0.15 in the wet season.
For trees, it increases to 0.29 and 0.25 in the dry season and in the wet season the
mean decreases to 0.21, but the median increases to 0.21.
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Figure 4.3: The correlation (in)between leaf traits and reflectance in certain bands.
A dark blue color is a positive correlation value, white is a correlation value of 0
and red is a negative correlation value. From top to bottom, the variables are: N,
C, 61°N, 613C, Cy,, LMA, Thickness, and from left to right: C, §1°N, 6§13C, Cy, LMA,
Thickness, Blue, Green, Red, NIR, Waterl, Water2, Water3 and Water4. §°N and
513C are noted as N15 and C13 in these figures.

All R? values between the combinations of leaf traits across seasons are below 0.50.
The R? value between C,, and leaf thickness is the highest for both growth forms.
They are, respectively, 0.48 and 0.45 for lianas and trees. The correlation between
some leaf traits appears to be reversed for the growth forms, but in these cases the
R? values are low. For 14 of the 21 combinations, lianas have a lower correlation
between the variables than trees. When the seasons are split up, the R? values of
the correlations between the different leaf traits for each season separately are still
generally low. The R? of the combination C,, and leaf thickness in lianas is 0.56 and
0.50 in the wet and dry season, respectively, and is the only one above 0.50. For
trees, there are no R? values above 0.50 for any season.

The correlation between the leaf traits and the reflectance in the different bands
was also studied for both growth forms across seasons. The five highest correla-
tions are the same for both growth forms: between Cy, or leaf thickness and the
Waterl or Water2 band and between thickness with the Water3 band, only the third
and fourth place are swapped. Here only the R? for the combination of C,, and the
Waterl band in lianas is above 0.50 at 0.52. The biggest difference between the
growth forms is the correlation between §13C and the Waterl band, for trees the
correlation is about -0.50 whereas for lianas it is -0.01. For 34 of the 56 combina-
tions, the correlation is lower for lianas than for trees.

The R? of the correlations between the leaf traits and the reflectance in the specific
bands within the same growth form for each season separately is again generally
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low. For lianas, only the R? of the correlation between C,, and Waterl is above 0.50
(dry 0.63; wet 0.50). For trees there are two combinations of leaf thickness with
Waterl and Water2, which are respectively 0.54 and 0.56 in the dry season, but in
the wet season, they are respectively 0.21 and 0.27.

Between leaf traits, the seasonal difference seems relatively small with some no-
table exceptions (|Difference correlation|> 0.25). For lianas, those are: N - §13C
(0.51) and N - leaf thickness (0.31), C, - LMA (-0.30), C,, and LMA - leaf thickness
(-0.25;-0.48). For trees, only the difference in correlation between LMA and C,,
(0.32), is higher than 0.25. Both growth forms display seasonality in the correlation
between the leaf traits and the reflectance in the specific bands. The correlation
in trees between the reflectance and C and §13C seems affected by seasonality
(mostly higher in the dry season), but not for lianas. The opposite is the case for N
and 61°N, there appears to be seasonality in lianas, but not in trees. The seasonal-
ity in the correlation between C,, and LMA and the reflectance is opposite between
growth forms, for lianas negative and for trees positive. The correlation between
thickness and reflectance is minimally affected by seasonality in lianas but is in
trees with a higher correlation in the dry season (Figure 4.4).

Lianas Trees
N N+
C C_
N15 N151
C13 C13
Cw Cw
Cm_LMA Cm_LMA;
Thickness Thickness
c)?\ 0,(5 o‘“ @v&@@\ e %\Q Q} \@(b@v Oé,\‘o RS Qs \&v %@\ X .\;\Q‘ Q} @@ Q}v
PO R o Ry
O (@) /(0

Change of Correlation l .

-1.0 05 0.0 05 1.0

Figure 4.4: A heat map of the difference in absolute correlation between the dry
and wet season (dry-wet). The differences are between -1 and 1, the color gradient
goes from red (-1) to white (0) to blue (1). A positive value (blue) means there is
more correlation in the dry season and a negative value (red) means the opposite.
From top to bottom the variables are: N, C, §1°N, 63C, Cy, LMA, Thickness, and
from left to right: C, 61°N, 613C, Cy,, LMA, Thickness, Blue, Green, Red, NIR, Waterl,
Water2, Water3 and Water4.

4.2 Linear mixed-effects models

The linear mixed-effects models try to estimate the reflectance in the specific spec-
tral bands based on the growth form, season and layer (fixed effects) as well as the
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species, individual and leaf (random effects). In the first model the slopes of the
random effects are fixed and in the second they are variable for the growth form.
The addition of the variable slopes for the random effects only results in significant
differences in the Green and Red bands as the ANOVA test results in p-values of
0.047 and 0.009, respectively.

The residual plots of all bands (Figure B.5) do not present a clear pattern and the
LOESS represented by the red lines in the plots follow the x-axis with small devia-
tions at the end of the Red and Green bands. The Durbin-Watson statistic is close
to 2 and the plots of the residuals against the predictors do not appear to have
patterns, which suggests there is no autocorrelation present. In the Q-Q plots (Fig-
ure B.6) some tailing is present and the Shapiro-Wilk test states that the residuals
are not normally distributed. The Levene test indicates that the residuals in the
Blue, Green Red and Water4 bands are homoskedastic. The NIR, Waterl, Water2
and Water3 bands appear to be heteroskedastic (Table B.2). However as previously
mentioned the last two assumptions are less important. For the Blue and NIR bands
there are no significant fixed effects, for all other bands the seasonal effect is sig-
nificant and for the Water2 band the interaction between the growth form and the
season is significant as well (Table B.3). Most of the explained variance comes from
the random effects, as the average marginal pseudo-R? is 7.95% (0.7%-8.2%) and
the average conditional pseudo-R? is 85.1% (65.3%-94.8%). The residual variance
is on average 14.9% (5.2%-34.7%) and the highest in the Blue and Red bands, re-
spectively 34.7% and 28.5% (Table 4.4).

Table 4.4: The pseudo-R? statistics of the linear mixed-effects models for each band.
The marginal pseudo-R2 (RZM) represents the amount of variance explained by the
fixed effects. The conditional pseudo-R2 (R2C) represents the amount of variance
explained by the fixed and random effects. The residual variance is unexplained
variance present in the model.

Blue Green Red NIR Waterl Water2 Water3 Water4d

R’M (%) 0.7 8.2 27 23 6.9 4.5 3.0 3.5
R2C (%) 65.3 87.1 71.5 90.7 94.8 86.7 91.9 93.0
Residual (%) 34.7 12.9 285 9.3 5.2 13.3 8.1 7.0

The variance is further divided between the different components, the fixed effects
(growth form, season and layer) explain on average 3.5% with all except in the
Green (8.2%) band below 5%. For most bands, except Green and Red, the differ-
ence in the reflectance is due to the different species. However, in the Water3 band,
the difference on the individual level comes close with only 1.2% less explained
variance. In the Green band, the difference between individuals is the largest com-
ponent (25.8%) and in the Red band, the variation in the individuals due to the
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different growth forms is the largest explained variance component (22.1%) (Figure
4.5; Table B.4).

Without random slopes With random slopes
[ b L T
75
<
S
£ 50
o
Q
o
o
) l
0
& 8‘ \\ K > Q S
X 2 2 )
@fb @fb @fb @’b O@» &
Levels | Residuals Species H Individuals B Leaves

Fixed effects M Growth form ~ Species M Growth form ~ Individuals B Growth form ~ Leaves

Figure 4.5: The explained variance proportions in response to each different pre-
dictor and the unexplained variance proportion of the specified spectral bands.
The variance in the response, the reflectance in a certain band, is explained by
fixed effects (growth form, season, layer and the interaction between growth form
and season) and random effects (species, individual and leaves) or is unexplained
(residuals). The models in the right panel use a fixed slope and in the left panel
they use a random slope.

4.3 Partial least squares regression (PLSR)

The models performance is expressed in R2, the root mean square error of predic-
tion (RMSEP) and its percentage (RMSEP%). The average R? for all variables for
trees and lianas are 0.60 and 0.58, respectively. However, once the seasons are
split up, the average R? for trees in the dry and in the wet season, respectively,
increases to 0.79 (+32.0%) and 0.62 (+4.30%). The average RZ2 for lianas in the
dry and wet season increases to 0.82 (+39.1%) and 0.66 (+13.6%), respectively.
There are two cases in which the R? of the combined seasons is higher than when
separated, LMA for trees in the wet season and N for lianas in the wet season. The
relation between the reflectance in specific wavelengths is more outspoken within
the seasons. The performance of the PLSR is generally better in the dry season for
most leaf traits with some exceptions.

The RMSEP is quite low overall, in order to correctly interpret the value %RMSEP
is more important as it represents the relative error. When both seasons are com-
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bined, most values are between 8% and 15% except §1°N and §13C for lianas, which
are respectively 18.07% and 16.13%. After the seasons are split the %RMSEP goes
down in 18 of the 28 cases with decreases between 0.42% and 6.27%, for the other
10 it increases between 0.09% and 1.91%. Overall the performance is adequate in
most cases, but there is room for improvement (Table B.5).

The wavelengths important to estimate C,, appear to be quite stable between both
growth forms as there are only a small number with differing importance and the
differences present are relatively small. Lianas tend to have a higher number of
important wavelengths for the estimation of §13C, mostly in the VIS and NIR regions.
The opposite trend is present for N as trees have a higher number of important
wavelengths over the whole spectrum. The patterns of LMA and leaf thickness show
that in the VIS and SWIR region, lianas have additional important wavelengths,
whereas in the NIR region trees have additional wavelengths. For §1°N the NIR
region has increased importance for trees and the SWIR region for lianas. For C,
there seems to be no distinguishable pattern (Figure 4.6).

Next, the VIPs are compared for lianas between the different seasons. For N and
51°N the wet season has increased importance over the whole spectrum. For C
there doesn’t appear to be a pattern. However, for the other variables (Cy, LMA,
Thickness, and §13C), the importance of the NIR region increased in the dry season,
while the importance of the SWIR region increased in the wet season (Figure B.7).
For trees, the dry season has increased importance for the §1°N over the whole
spectrum. The VIS region appears to gain importance in the wet season for mul-
tiple variables. In the cases of Cy, LMA, N and 63C the NIR region’s importance
increases in the dry season. In the SWIR region, the wavelengths between 1 900
and 2 000 appear to become more important in the dry season for Cy,, LMA, leaf
thickness and 6'3C (Figure B.8).
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Different VIP scores for different growth forms
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Figure 4.6: The VIP scores for all wavelengths. When they are important (> 0.80;
above the black dashed line) for one growth form and unimportant (< 0.80; below
the black line) for the other growth form, the lines are solid and otherwise the lines
are dotted. The solid line indicates a difference between the two growth forms.
From left to right and top to bottom the variables are C, C,,, LMA, N, Thickness,
613C and 6'°N

4.4 Discrimination hyperspectral data

The Kullback-Leibler distance (164.64) indicates that the reflective spectra differ
between the growth forms. However, this distance increases when the data is
split up into different seasons, the difference between growth forms is thus greater
within each season separately. The greatest distance is present when investigating
the seasonality of the reflective spectra of tree leaves. The distance for liana leaves
is more than 4 times smaller, which indicates that the seasonality of the reflective
spectra in lianas is a lot smaller than in trees (Table 4.5).
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Table 4.5: The Kullback-Leibler distance over the full spectrum (350 - 2 500 nm)
between object 1 and 2. A value of 0 would mean identical distributions.

Object 1 Object 2 Dk.
Liana Tree 164.64
Tree - Dry season  Liana - Dry season 365.56
Tree - Wet season  Liana - Wet season 242.38
Tree - Dry season  Tree - Wet season  392.83
Liana - Dry season Liana - Wet season  93.09

The Kullback-Leibler divergence between lianas and trees (blue bars) seems uni-
formly distributed between 2.5 and 5. When split up between the seasons, certain
wavelengths become more important. In all cases, the wavelengths larger than
1800 nm (SWIR) explain most of the divergence. The divergence in the dry season
(orange bars) is also peaking in the NIR region. Whereas in the wet season (green
bars) there is an extra peak in the VIS region. Both also have peaks between 1400
and 1500 nm (SWIR). The remaining seasonal divergence in trees (purple bars) is
generally between 5 and 10 for all wavelengths except for the blue region. For
lianas (red bars), the VIS region and the beginning of the NIR region are more im-
portant (Figure 4.7). From the predetermined bands, the NIR, Water2, Green, and
Waterl bands have the highest divergence, listed with decreasing importance (Fig-
ure 4.8).
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Kullback-Leibler divergence distribution
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Figure 4.8: The sum of the Kullback-Leibler distance between the different re-
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spectra between the two groups. The higher the bar, the better the groups can be
distinguished. The y-axis varies between the different bands.
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5. DISCUSSION

5.1 Differences between growth forms

5.1.1 Differences in leaf structural and biochemical traits.

Significant differences are found for §'3C, Cy, and LMA between both growth forms
across seasons. However, while in the wet season they are all still present, the
difference of §13C becomes insignificant in the dry season. §3C has been linked to
the intrinsic WUE of a plant, which is the ratio of the net assimilation to the stomatal
conductance (Seibt et al., 2008). When §13C is higher (less negative), the WUE is
typically also higher (Lambers et al., 2008). The results indicate that lianas have a
lower §13C and thus a lower WUE, which is in contrast with the findings of Cai et al.
(2009) and Domingues et al. (2007), who found higher §13C content for lianas. As-
ner and Martin (2012) and Mello et al. (2020) did not find a significant difference
between the growth forms. Section 2.3.2 on the water cycle in the Literature review
mentioned that lianas might be able to regulate the stomatal closure and aperture
more rapidly than trees (Campanello et al., 2016). This appears to not be the case
according to the results of this thesis. However, Seibt et al. (2008) have indicated
that 613C alone is not a reliable indicator as it is influenced by other factors, such as
gas exchange parameters. In order to determine if the WUE differs between growth
forms, leaf gas exchange should be measured. As mentioned the §'3C is insignifi-
cantly lower for lianas than trees (0.15 %) in the dry season, generally this season
should have the largest difference since during this time the lianas appear to have
a growth advantage, which is hypothesized to be related to more access to water
or a higher WUE (Sanchez-Azofeifa et al., 2009; Schnitzer, 2005).

The LMA for liana leaves is lower than trees (-16.2%), so there is less dry matter for
an equal leaf surface area, which is consistent with the results of Seibt et al. (2008);
Cai et al. (2009); Asner and Martin (2012) and Gallagher and Leishman (2012). A
low LMA is associated with the quick-return end of the leaf economic spectrum,
which has leaves with a higher photosynthetic capacity, shorter lifespan, thinner
leaves and a higher N concentration (Wright et al., 2004a). However, the N concen-
tration in lianas (1.79%) is (insignificantly) lower than in the tree leaves (1.93%).
Except in the dry season when only the sunlit leaves are taken into account, then
the N content is (insignificantly) higher in lianas (1.79%) than trees (1.72%). The
results are only partially in accordance with past research, which indicated a higher
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N content in lianas (Kazda and Salzer, 2000; Sanchez-Azofeifa et al., 2009; Mello
et al., 2020). The research of Sanchez-Azofeifa et al. (2009) was also based in
Panama (Parque Nacional San Lorenzo, southwest of BCl) and carried out in the
wet season. They found concentrations of 2.0% and 1.83% for lianas and trees,
respectively. In general, healthy leaves contain 1 to 5 % N (Karthika et al., 2018;
Kirkby, 2005), so both growth forms are on the lower end of the range. The site is
described to contain modest concentrations of KCl-extractable NO5 and NH, (Yavitt
et al., 2011). There is no definitive explanation for the lower N concentration, but
it might indicate that lianas are not limited to the quick-return end of the leaf eco-
nomic spectrum. During the grinding process, the petioles were also ground. This
may have affected the ratio of the nutrients as the petioles contain more than 5
times the concentration of NO5-N of the leaf blade (Minotti et al., 1989). There were
more trees with compound leaves, which would result in a proportionally higher
amount of petioles. However, since the other studies do not mention excluding the
petioles it is assumed they also included them (Kazda and Salzer, 2000; Sanchez-
Azofeifa et al., 2009; Mello et al., 2020). Liana leaves are thinner (-6.98%) than
tree leaves and significantly thinner in case they are part of the sunlit layer of the
canopy (-14.4%).

Cw Wwas also significantly different between both growth forms, lianas (0.013 g.cm™?2)
contain less water relative to their leaf area than trees (0.018 g.cm~2), which is con-
sistent with the findings of Sdnchez-Azofeifa et al. (2009). The results of this thesis
do not completely align with the previously mentioned hypotheses of the compet-
itive growth advantage of lianas. Their intrinsic WUE and nitrogen content appear
to be lower. However, the intrinsic WUE does not talk about the water uptake of a
plant or the depth of its root system. Thus, in case the lianas have a higher water
uptake and simultaneously transpire a lot, the net water uptake could still be higher.
The reason for lower the nitrogen content of lianas, especially in combination with
the lower LMA, remains unclear, as it goes against past research.

5.1.2 Differences in reflectance

The reflectance of the leaves is significantly higher for lianas in the Green, Wa-
terl and Water2 bands, the average increase of reflectance is, respectively, 0.72%,
1.3% and 0.42%. However, in the dry season there appears to be no significant dif-
ference and in the wet season, the significance in the green band disappears. The
difference in the Green band is consistent with the findings of Kalacska et al. (2007)
and Castro-Esau et al. (2004). Kalacska et al. (2007) noted that the wavelength
535 nm was one of the most important ones to distinguish between both growth
forms. The waterl and water2 bands do not contain the top 10 wavelengths speci-
fied, but 5 of the 10 are in the SWIR region. The water content of the leaf influences
the reflectance between 1300 and 3 000 nm (Grant, 1987), as the four absorp-
tion bands for water are located at 1200 nm, 1450 nm, 1920 nm and 2 500 nm
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(Jacquemoud and Ustin, 2019; Carter, 1991). The significantly lower C,, for lianas
thus explains the increased reflectance as less water is available to absorb in these
specific bands. The Waterl and Water2 bands, respectively, include the 1450 nm
and the 1920 nm wavelengths. These are also one of the more negative correla-
tions present in the dataset with the higher R? values. The reason why there are no
significant differences in the dry season cannot be explained by this water content
as it is still significantly different. However, it might be influenced by the smaller
sample size (dry season: 34 trees, 31 lianas; wet season: 84 trees and 61 lianas),
since in the violin plots of Figure B.3 there seem to be some visual differences in
the distributions.

The Kullback-Leibler divergence between both growth forms is 164.64 across sea-
sons, 242.38 in the wet season and 365.56 in the dry season. This suggests the
spectral signatures of both growth forms are distinguishable. In comparison, the
divergence Visser et al. (2021) found between the two growth forms was between
500 and 1000, which is twice as high. However, the Kullback-Leibler divergence is
dependent on the sample size and the research of Visser et al. (2021) used 411
tropical tree species and 47 tropical liana species. The wavelengths larger than
1900 nm appear to contain most of the divergence, suggesting that the SWIR re-
gion is where the spectral differences between lianas and trees are more clear. This
is only partially consistent with the findings of Kalacska et al. (2007) as they found
most of the top 100 most different wavelengths were in the VIS region (62%) and
the SWIR region (34%) was only second.

The outcome of the linear mixed-effects models, however, indicates that the dif-
ference between growth forms is insignificant. The addition of the canopy layer
did not add to the significant difference, which suggests that it is not necessary to
sample the highest, sunlit leaves to compare the reflectance spectra. This is not
in accordance with the research of Deepak et al. (2019), who researched the effect
of canopy layers on the spectral signature in silver birch. The chlorophyll concen-
tration in leaves also decreases with the height so absorption should be higher in
lower layers (Ellsworth and Reich, 1993). This research did not focus on the effects
of canopy layers and there are only a few individuals from which both layers were
sampled. The models also show that the species- and individual-layer effects out-
weigh the effects of the growth form, season and layer which might be the cause
of this (Figure 4.5).

The results of this thesis do agree with the general findings that lianas reflect more
radiation than trees particularly in the SWIR region. The results of the ANOVA and
Kruskal-Wallis tests and the Kullback-Leibler divergence contradict each other, how-
ever, the latter looks at the whole spectral range and indicates a more outspoken
difference during the dry season. Thus after up-scaling of the methods, using re-
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mote sensing would appear to be most effective during the dry season. This seems
ideal as the weather conditions are better for drone surveys and there is less pre-
Cipitation left on the leaves, which would interfere with the spectral data.

5.2 Seasonality in both growth forms

The Kruskal-Wallis test indicated that the leaf traits of both lianas and trees do
not appear to be subjected to seasonal changes. The correlation between these
variables was subject to some seasonal changes, however, since the R? values
were low this does not indicate relevant changes. Domingues et al. (2014) studied
leaf-level photosynthesis limitation in the dry season and found leaves are not sig-
nificantly limited in their photosynthesis, which is in line with the obtained results.
Cai et al. (2009) studied the difference of variables due to the interaction of season
and growth form. They found significant differences for §13C, but not for N and
LMA. So lianas and trees only responded differently to seasonal variation for §13C.
For lianas the reflectance of the specific bands also seems relatively unchanged by
the seasons. The Kullback-Leibler divergence between the seasons in lianas is low
at 93.09. The most important differences are located in the VIS and SWIR regions.
In trees, the reflectance in the Water3 and Water4 bands was significantly higher
in the wet season (+2%). The C,, (insignificantly) increases 0.1%, which doesn’t
explain the increased reflectance. The reflectance in the NIR band is significantly
lower in the wet season (-2%). This decrease remains unexplained as well. The
Kullback-Leibler divergence in trees (392.83) was four times higher than for lianas
and most of it was located in the SWIR region, it was generally higher over the
whole spectrum. This suggests seasonal changes in the leaf reflectance of trees as
well.

In the linear mixed-effects models, seasonality significantly impacts the reflectance
in all bands except the Blue and NIR bands. For the Water2 band, the interaction
of the growth form and season is significant as well. This partially goes against the
previously mentioned results. On the other hand, the variation explained by the
season, growth form and layer is less than 10%, which indicates that most of the
variation is due to the different species and individuals rather than the season.

If the research does not include hyperspectral plant data, the influence of the sea-
son is minimal and consequently, the results of different seasons, of the same lo-
cation, could be compared. When the subject is on the optical properties of leaves,
one should take seasonal differences into account when comparing data.
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5. Discussion

5.3 Reflective spectra as proxy indicators for leaf
structural and biochemical traits (PLSR)

When the models include the data of both seasons, the performance is generally
worse than when the seasons are split up. This indicates that seasonality is present
in the link between the hyperspectral data of the plant and the different leaf traits.
Figure 4.4 also indicates some seasonality in the link with the different correlations
in the different seasons. So these models are the focus of the further discussion.
The seasonal PLSR models generally perform quite well for Cy, (R2: 0.72-0.82; %RM-
SEP: 8.55-11.25) and thickness (R%: 0.74-0.93; %RMSEP: 7.3-10.06), which is logical
as the correlations between these variables and the reflectance in the bands are rel-
atively high in comparison with the other leaf traits. Furthermore, the C,, directly
impacts the absorption in the SWIR region and, generally, the thicker the leaf, the
more absorption. Meerdink et al. (2016); Nunes et al. (2017) and Chen et al. (2022)
examined the link of the water content of leaves, expressed as a percentage, and
found similar model performances with the value for R2 between 0.83 and 0.89
and %RMSEP between 5.7% and 10.2%. For C,,, the most important wavelengths
are rather similar between the two growth forms as well as both seasons for each
growth form. The growth forms do have different important wavelengths for thick-
ness, the NIR region (trees) and the SWIR region (lianas). These regions are also
the drivers behind the seasonal changes in lianas. LMA also is estimated well by
the models (R?: 0.81-0.87; %RMSEP: 9.68-11.08%) except for trees in the wet sea-
son (R2: 0.56; %RMSEP: 12.68%). Chen et al. (2022); Serbin et al. (2019); Nunes
et al. (2017) and Yang et al. (2016) found a high performance with an R? ranging
from 0.81 to 0.93 and an %RMSEP ranging from 16.9% to 18.3%. Meerdink et al.
(2016) on the other hand found an R2 of 0.56 and an %RMSEP of 18.3%. The VIS
and SWIR regions are the cause of variance between the growth forms. For lianas,
these regions are subject to seasonal effects and for trees the NIR region as well.
For C and 6'3C, the PLSR models are adequate at estimating in the dry season (R?:
0.71-0.83; %RMSEP: 9.86-12.9%), however, in the wet season they are performing
poorly (R?: 0.48-0.55; %RMSEP: 12.47-15.4%). There thus seems to be a seasonal
effect present for both growth forms that the model is not able to explain well.
However, in Figure 4.4, the correlation seems rather unaffected by the seasons
for lianas. This is at least in part consistent with previous findings, which demon-
strated poor performance of models to predict C and §3C from the reflectance
spectra of a leaf with R2 overall under 0.70 for both. The wavelengths for both leaf
traits appear not influenced by the season and minimally by the growth form in
the NIR region. The N content of leaves appears to be estimated adequately (RZ2:
0.78-0.86; %RMSEP: 9.06-10.77%) except for lianas in the wet season (R?: 0.61;
%RMSEP: 13.57%). Other studies found either R? values between 0.55 and 0.63
(Nunes et al., 2017; Meerdink et al., 2016; Yang et al., 2016) or R? values between
0.86 and 0.96 (Chen et al., 2022; Richardson and Reeves lii, 2005). Thus the re-
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sults of this study fall within the ranges previously found. The NIR region is variable
between growth forms as well as between seasons in trees as it gains importance
in trees and in the dry season. For its isotope §1°N on the other hand, the model
performance is rather low (R?: 0.45-0.67; %RMSEP: 13.21-15.63%). Past studies
found variable performances for this isotope: Nunes et al. (2017) found poor model
performance (R?: 0.16; RMSEP%: 28.7%), where as Kleinebecker et al. (2009) and
Chen et al. (2022) found a rather high R? values between 0.85 and 0.99. However,
the %RMSEP of the model of Chen et al. (2022) was 27.2%, which is rather high and
indicates a lower performance.

For lianas, the importance of the NIR region increases in the dry season for Cy,
LMA, Thickness, and §'3C and the SWIR region in the wet season. For Cy, LMA,
Thickness, N, C and 613C in trees, the importance of both the NIR and SWIR region
increases in the dry season and the VIS region becomes more important during the
wet season.

The reflective spectra appear to be a good proxy indicator for structural leaf traits
(Cw, leaf thickness, LMA). On the other hand for biochemical leaf traits (C, 613C, N,
51°N), the performance seems to be case-specific for both season, growth form and
location. The performance of the PLSR models does have room for improvement
overall. Transforming the data to a more normal distribution might be an opportu-
nity to accomplish this as the results are often better (Burnett et al., 2021). The NIR
and SWIR regions appear to be more variable in importance between the different
seasons.

5.4 Further research opportunities

To more effectively compare the leaf traits of lianas and trees, it would be inter-
esting to carry out an in depth comparison of the lianas and their host trees, like
the study of Sdnchez-Azofeifa et al. (2009) for instance. The data collected for this
thesis does encompass links between individuals, which makes linking the lianas
with their host trees possible with the current data. Since the seasonal differences
in this study are based on independent sampling, it would be interesting to fol-
low certain individuals through time with an approach similar to Medina-Vega et al.
(2021, 2022). They studied specific branches of lianas and trees for over a year and
sampled them at least 13 times. This thesis did not take into account that not each
species is sampled in both seasons, deciduous species for instance do not have
leaves in both seasons. Theoretically, it is possible that the absence or presence of
some species cause a lot of the differences between seasons.

Sampling more individuals of the same species to gain more of an idea of how the
leaf traits change within the species also seems a promising research subject, as
the linear mixed-effects models clearly show that the species effects or in general
the most important ones to explain the variance of the leaf reflectance. In order to
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5. Discussion

compare the WUE between growth forms using the §13C content, rather than exca-
vation of the root system, measuring the leaf gas exchanges of carbon and water

SEems necessary.
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6. CONCLUSION

This study provides a comprehensive comparison of the structural and biochemi-
cal leaf traits between lianas and trees in a Neotropical forest, focusing on their
reflectance spectra and how these traits change with the seasons. The research
highlights several key findings:

The study found distinct differences between lianas and trees for the §13C content,
the equivalent water thickness and the LMA. The correlation of leaf traits was also
different, but due to the low R? no definitive conclusions could be drawn. However,
the differences of the correlations of both growth forms suggest that both growth
forms respond differently to environmental factors, which could impact their roles in
forest dynamics. The results align with the general findings that liana leaves have
a higher reflectance. The differences are mostly located in the SWIR region and
appear to be linked with structural leaf traits. This answers the first two central re-
search questions, some leaf traits differ between growth forms and the reflectance
of liana leaves is generally higher than that of tree leaves.

The analysis revealed that seasonality significantly affects the reflectance spectra
of trees, but not of the lianas and that the biochemical and structural leaf traits of
both growth forms are not significantly different. Although some traits showed sim-
ilar correlations in both seasons, others varied, indicating that both growth forms
have adapted their physiological processes to seasonal changes to an extent. This
seasonal effect complicates the use of spectral data for predicting leaf traits, as
the performance of predictive models varied between dry and wet seasons for bio-
chemical leaf traits. Returning to the third research question, seasonal changes
affect the reflectance of leaves, but only in trees, and the leaf traits of neither
group are affected.

Partial Least Squares Regression and linear mixed-effects models were used to ana-
lyze the data. While the reflective spectra served as good proxies for structural leaf
traits such as leaf thickness and LMA, the models were less reliable for biochemi-
cal traits like carbon, nitrogen and their isotopes. This suggests that hyperspectral
data can be used to assess structural leaf traits, which answers the final research
question. Upscaling of these links is possible if the canopy structure, the leaf an-
gle, the clumping of the leaves, the reflectance of the stem and branches etc. are
taken into account. If successful, remote sensing can expedite forest research by
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providing quick assessments of structural traits, but biochemical traits still require
more direct measurement methods.

In conclusion, this research underscores the importance of considering both struc-
tural and biochemical traits, as well as their seasonal variations, in studies of forest
dynamics. The findings contribute to a better understanding of how lianas and trees
interact with their environment, which is crucial for predicting the future composi-
tion and functioning of Neotropical forests under changing climatic conditions.

Acknowledgement of the use of generative artificial intelligence, ChatGTP, to proof-
read and improve the structure of the text (OpenAl, 2024). Using commands like:
'Reword’, '"Check’ etc.
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APPENDIX A

Table A.1: Trees and lianas captured, 42 tree species and 43 liana species.

Tree species

D

W

Liana species

Abarema macradenia
Alseis blackiana
Anacardium excelsum
Andira inermis

Apeiba membranacea
Aspidosperma spruceanum
Brosimum guianense
Casaeria guianensis
Cecropia insignis
Ceiba pentandra
Cespedesia spathulata
Cordia bicolor
Dipterix oleifera

Ficus insipida

Ficus spp

Guarea grandifolia
Guarea spp

Hasseltia floribunda
Heisteria concinna
Hieronyma alchorneoides
Inga laurina
Jacaranda copaia
Luehea seemannii
Mabea occidentalis
Mangifera indica
Miconia minutiflora
Prioria copaifera
Protium tenuifolium
Pseudobombax septenatum
Pseudolmedia spuria
Simarouba amara

=

NNOPFPFORFPFOOORFRPRFOKFFPFPFOOHF,FONMNMNWPRPROOPRFPF OO NOWO

o

HF ONOMNOMNRPKFM~_NRFURFPFPFRPRFRP,WEFEFNOORKFENWRERREROOLOROR

=

Abuta racemosa

Adenocalymma arthropediolatum

Arrabidaea candicans
Arrabidaea patellifera
Banisteriopsis cornifolia
Bauhinia guianensis
Bignonia aequinoctialis
Callichlamys latifolia
Cayaponia granatensis
Celtis iguanaea
Chomelia psilocarpa
Chondrodendron tomentosum
Clitoria javitensis
Cnestidium rufescens
Combretum decandrum
Combretum laxum
Connarus panamensis
Cordia bicolor

Davilla nitida
Doliocarpus dentatus
Doliocarpus olivaceus
Entada gigas

Hasseltia floribunda
Heteropterix laurifolia
Hippocratea volubilis
Hiraea reclinata
Machaerium seemannii
Mansoa kerere

Maripa panamensis
Paullinia fibrigera
Pleonetoma variabilis

O P OOO WMNPFFMNDNRPFPOOFPFOOORFRFKFEFEF ONOWUUOWOOO|O

o
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Continued on next page
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Table A.1 continued from previous page

Tree species

D W

Liana species

Spondias mombin
Spondias radlkoferi
Tabebuia guayacan
Tetragastris panamensis
Trattinnickia aspera
Vatairea erythrocarpa
Virola surinamensis
Zanthoxylum acuminatum
Zanthoxylum ekmanii
Zuelania guidonia

P OPFrF OF P ORKF O O O
O NOF OFLFNODWEREFRFN

Prionostemma asperum
Serjania mexicana

Serjania paucidentata
Serjania pyramidata
Stigmaphyllon lindenianum
Stizophyllum inaequilaterum
Strychnos toxifera

Tetracera hydrophila
Tetratpterys seemannii
Timmabuya myrianta

O OPFr OO OO O ON|UO
P NOKHNRRRPENORRES

Zygia dinizii Vitis tiliifolia
- - - unknown
Total trees: 37 87 Total lianas: 32 63
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APPENDIX B

B.1 Comparing leaf traits and reflectance bands

Dry: C content [%] Dry: 813C [%o v.s. VPDB] Dry: N content [%]
6
50 — Ns. -26 NS. NS.
-28 4
40
-30
Liana Tree Liana Tree Liana Tree
Dry: 815N [%o v.s. AIR] Dry: Cw content [g/cm?] Dry: LMA [g/cm?]
6 0.06 -
4 NS. 0.020
5 0.04 —_— 0015
0 0.02 . ‘ 0.010
-2
0.00 0.005
Liana Tree Liana Tree Liana Tree

Dry: Thickness [mm]

0.5 — NS
0.4

0.3

=p 3

01 Liana Tree

Figure B.1: Violin plots for each variable comparing them between the two growth
forms for the dry season. The ANOVA test was implemented to assess possible
significant differences in the means of the groups. (Significance: * 0.05 level, **
0.01 level, *** 0.001 level, NS. no significance.)
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Wet: C content [%)]

Wet: 813C [%o v.s. VPDB]

Wet: N content [%)]

NS 6
50
4 —e—
40 .
& . <>
Liana Tree Liana Tree Liana Tree
Wet: 815N [%o v.s. AIR] Wet: Cw content [g/cm?] Wet: LMA [g/cm?]
6 ES— | E— 0.06 -
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4 0.04
2 ’ 0.015
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0.00 0.005

Liana Tree Liana Tree Liana Tree
Wet: Thickness [mm]

0.5 NS.
0.4 -
0.3
0.2
0.1

Liana Tree

Figure B.2: Violin plots for each variable comparing them between the two growth
forms for the wet season. The ANOVA test was implemented to assess possible
significant differences in the means of the groups. (Significance: * 0.05 level, **
0.01 level, *** 0.001 level, NS. no significance.)
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Figure B.3: Violin plots for each band comparing them between the two growth
forms in dry season. The ANOVA test was implemented to access possible signif-
icant differences in the means of the groups. (Significance: * 0.05 level, ** 0.01
level, *** 0.001 level, NS. no significance). The y-axis varies per band.
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Figure B.4: Violin plots for each band comparing them between the two growth
forms in wet season. The ANOVA test was implemented to access possible signif-
icant differences in the means of the groups. (Significance: * 0.05 level, ** 0.01
level, *** 0.001 level, NS. no significance). The y-axis varies per band.

Table B.1: The average reflection of the specific bands for different growth forms
and seasons. Columns SL and ST represent the relative, seasonal change in lianas
and trees, respectively, when transitioning from the wet to the dry season. Columns
D and W indicate the relative change from a tree leaf to a liana leaf during the dry
and wet seasons, respectively. The changes that are significant according to the
ANOVA and Krustal-Wallis tests are underlined

Liana: Tree: % % % %

Band Dry Wet Dry Wet SL ST D w
Blue 0.03 0.04 0.04 0.04 -2.60 1.38 -3.20 0.77
Green 0.10 0.09 0.10 0.09 114 8.92 9.02 6.60
Red 0.04 0.04 0.04 0.04 -0.58 3.72 -1.16 3.11
NIR 0.54 0.53 0.55 0.53 0.77 4.04 -2.19 0.99
Waterl 0.19 0.19 0.19 0.18 0.03 6.73 2.39 9.25
Water2 0.05 0.05 0.05 0.04 -4.66 13.7 -3.55 15.0
Water3 0.53 0.53 0.54 0.52 0.65 4.14 -2.41 0.98
Water4 0.51 0.51 0.52 0.50 0.34 4.01 -2.22 1.36
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B.2 Linear mixed-effects models

Table B.2: Statistical tests regarding assumptions linear mixed-effects models. The
Durbin-Watson test checks for autocorrelation in the residuals, the Levene test
checks if they are homoskedastic and the Shapiro-Wilk checks their normality.

Test Blue Green Red NIR Waterl Water2 Water3 Waterd

Durbin-Watson (stat) 2.2501 2.2457 2.2911 2.2936 2.2091 2.3199 2.3183 2.3350
Levene test (p-value) 0.0928 0.0618 0.3002 0.0002 0.0318 0.0300 0.0073 0.5314
Shapiro-Wilk (p-value) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

ccccc

Figure B.5: The residual plots of the linear mixed-effects models of the different
bands. The red line is the result of LOESS.
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Figure B.6: The Q-Q plots of the linear mixed-effects models of the different bands.
There is some tailing present.

Table B.3: P-values of the predictiors of the linear mixed-effect model. Significant
p-values are underlined

Band Intercept Liana Wetseason Second layer Liana: Wet season
Blue 0.0000 0.9941 0.1864 0.6175 0.5268
Green 0.0000 0.1349 0.0336 0.0824 0.4744
Red 0.0000 0.7863 0.0318 0.2110 0.6019
NIR 0.0000 0.8718 0.0634 0.1886 0.8584
Waterl 0.0000 0.4263 0.0006 0.0721 0.1570
Water2 0.0000 0.8036 0.0005 0.1797 0.0298
Water3 0.0000 0.6660 0.0220 0.1667 0.6527
Water4 0.0000 0.6822 0.0062 0.2381 0.4416

Table B.4: Variance proportion of all the different variables for each band. Green
and red make use of model 2 and the others of model 1.

Levels Blue Green Red NIR Waterl Water2 Water3 Waterd
Fixed effects 0.64 8.17 2.73 2.33 6.93 4.52 2.99 3.47
Species 32.9 8.79 19.8 42.2 51.7 46.0 42.2 44.9
Individuals 24.8 25.8 7.18 40.3 30.0 29.6 41.0 39.1
Leaves 7.02 9.10 3.04 5.94 6.69 6.52 5.65 5.55
Residuals 34.7 12.9 28.6 9.25 4.99 13.3 8.10 6.98
Growth form ™ Species - 20.5 2.35 - - - -
Growth form ~ Individuals - 10.5 22.1 - - - - -
Growth form ” Leaves - - 4,24 14.2 - - - - -
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B.3 Partial least squares regression

Table B.5: Performance of the partial least squares regression (PLSR) models ex-
pressed in r-square, root mean squared error of prediction (RMSEP) and its percent-
age (%RMSEP).

Variable # components R2 RMSEP %RMSEP
Trees in both seasons

C 14 0.34 2.51 14.19
§13C 14 0.53 0.99 13.35
N 16 0.74 0.34 8.81
51°N 13 0.36 1.18 14.1
Cw 15 0.68 0 9.34
LMA 14 0.72 0 14.27
Thickness 15 0.82 0.03 8.49
Lianas in both seasons

C 13 0.44 2.77 13.65
§13C 14 0.36 0.97 16.13
N 15 0.67 0.29 12.62
51°N 14 0.38 1.14 18.07
Cw 14 0.72 0 8.97
LMA 12 0.73 0 14.04
Thickness 11 0.74 0.03 9.63
Trees in dry season

C 15 0.71 1.63 10.82
513C 16 0.81 0.67 10.70
N 15 0.78 0.36 9.56
51°N 15 0.61 0.94 15.63
Cw 15 0.82 0 11.25
LMA 15 0.87 0 9.68
Thickness 15 0.93 0.03 7.3
Trees in wet season

C 15 0.49 2.23 14.28
513C 14 0.55 0.92 12.36
N 16 0.82 0.27 9.06
515N 15 0.45 1.07 13.21
Cw 15 0.73 0 8.82
LMA 13 0.56 0 12.68
Thickness 15 0.77 0.03 8.85
Lianas in dry season

C 15 0.80 1.72 12.9

Continued on next page
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Table B.5 continued from previous page

Variable # components RZ RMSEP %RMSEP
513C 15 0.83 0.55 9.86
N 14 0.86 0.22 10.77
51°N 15 0.67 0.81 14.6
Cw 13 0.81 O 9.7
LMA 13 0.81 O 10.77
Thickness 14 0.84 0.02 10.06
Lianas in wet season

C 14 0.48 2.61 12.87
513C 14 0.51 0.81 15.4
N 14 0.61 0.28 13.57
51°N 14 0.55 0.98 15.51
Cw 13 0.81 O 8.55
LMA 14 0.85 0 11.08
Thickness 12 0.78 0.03 9.77




Different VIP scores for different seasons: Lianas
C Cw LMA

N Thickness

VIP score
N

-

Wavelength [nm]

Season — Dry — Wet Opposite - * no = yes

Figure B.7: The VIP scores for all wavelengths. When they are important (> 0.80;
above the black dashed line) for one growth form and unimportant (< 0.80; below
the black line) for the other growth form, the lines are solid and otherwise the lines
are dotted. From left to right and top to bottom the variables are C, C,, LMA, N,

Thickness, 6§13C and 61°N
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Different VIP scores for different seasons: Trees
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Figure B.8: The VIP scores for all wavelengths. When they are important (> 0.80;
above the black dashed line) for one growth form and unimportant (< 0.80; below
the black line) for the other growth form, the lines are solid and otherwise the lines
are dotted. From left to right and top to bottom the variables are C, C,, LMA, N,
Thickness, §13C and §1°N
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