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Abstract

Land-use change is widespread across the globe, leading to significant biodiversity loss and
impairing ecosystem functions. The land-use trajectories from forest to agriculture contributes
to increased surface and air temperatures, both in the upper layers of vegetated land and the
areas below the canopy. Below the canopy environment is critical, where significant
biodiversity thrives, essential ecosystem functions are regulated, and humans live and work.
However, little is known about below-canopy temperature dynamics in the context of land-use
change and ecosystem restoration. In our study we assessed the canopy leaf area index (LAI)
and below-canopy surface temperatures in a rural lowland landscape in Sumatra, Indonesia —
a region, known for its land-use changes over the past decades, has transitioned from forests to
monoculture plantations. In the first study, we examined the impact of conventional land-use
trajectories (forest to rubber and oil palm monocultures) on canopy leaf area index (LAI) and
below-canopy surface temperatures. In the second study, we explored the potential to partially
reverse these trajectories by integrating trees into oil palm monoculture. Further, we explore
the potential role of rubber agroforestry, and discuss options for a healthier thermal rural

environment.

Our first study tested the hypothesis that forest conversion to monocultures reduces LAI,
leading to increased below-canopy surface temperatures. In the landscape assessment
(EFForTS-LA), we measured LAI and below-canopy surface temperature across four land-use
types: forest, shrubland, rubber, and oil palm - spanning 132 spatially well-distributed plots.
We found that LAI varied more than tenfold, with the highest values observed in forests and
the lowest in rubber and oil palm plantations. Below-canopy surface temperatures increased
significantly as LAI decreased. A decrease in LAI by one unit (m? leaf area per m? ground area)
increased ground surface temperature by 0.95 °C (confidence interval: 1.07 - 0.83 °C) around
noon. Likewise, the temperatures measured on peoples’ cap or hijab surfaces under the canopy
was strongly affected. For a light-brown hijab, the average noon surface temperature increased
by 4.0 °C from forest to oil palm. This study concluded that the land-use trajectories from forest

to rubber and oil palm negatively impact on LAI and increased below-canopy temperatures.

Our second study tested the hypotheses a) Tree integration into oil palm plantations enhances
LAI and thereby reduces below-canopy temperatures, b) Below-canopy temperatures decrease
with increasing canopy LAI, stand structural complexity and observed woody diversity, and 3)

Planted tree diversity and island area increase LAI and reduce below-canopy temperatures. In



oil palm monoculture, trees are integrated with varied planting diversity (0 - 6) and tree island
area (25 m?, 100 m?, 400 m?, 1600 m?). This study was conducted nine years after tree planting
in an experiment on biodiversity enrichment in lowland Sumatra (EFForTS-BEE). Data from
forests and monoculture oil palm plantations from a larger-scale EFForTS-LA were used as a
reference for the experiment. Compared to monoculture oil palm plantations in the landscape,
tree integration (tree planting plus natural recruitment) in the experiment increased the canopy
leaf area index by 0.8 m? m?2 (27%) and reduced below-canopy surface temperature of the
ground around noon by 1.5 °C. Similarly, the surface temperatures of workers' hijabs and black
and white reference boards were notably reduced. In old-growth forests LAI was much higher
and below-canopy temperatures were lower than in the tree integration experiment. On the
experimental plots, tree planting plus natural recruitment was more effective in increasing LAI
than natural recruitment alone. Mixed-effects models identified leaf area index as a key
predictor of below-canopy surface temperatures, together with solar irradiance and time of the
day. Other factors such as tree island area, observed tree diversity, and stand structural
complexity, were less important. Our findings indicated that tree integration by planting and
natural recruitment offers opportunities to curb high below-canopy temperatures in oil palm

cultivation, and that leaf area index is a crucial factor therein.

In the synthesis of our study, we also examined LAI and below-canopy temperature dynamics
within two types of rubber cultivation in the same landscape: rubber agroforests, often referred
as jungle rubber, and conventional rubber monocultures. Our findings revealed that the average
LAI in jungle rubber (4.5 m?> m?) was nearly double that of rubber monocultures (2.3 m? m2).
The average below-canopy ground surface temperature in rubber monoculture is significantly
higher (1.99 °C) compared to jungle rubber. Surface temperature measurements of workers'
caps and hijabs followed a similar trend, further underscoring the influence of canopy cover on
local temperature conditions. Our study also showed that shrublands, jungle rubber, and tree-
integrated oil palm plantations exhibited similar below-canopy ground surface temperatures.
These temperatures were lower than those observed in oil palm and rubber monocultures but
higher than in forests. This finding clearly demonstrates that the integration of trees effectively

reduces below-canopy temperatures.

Considering rural thermal environment, the reduction of 1.5 °C around noon may seem modest
in view of the increasing heat stress imposed on nature and humans, given the steep increase

in global temperatures and the additional direct effects of land-use change on below-canopy



surfaces. However, for nature and people exposed to heat and its adverse effects on health, tree

integration appears as a potential way to mitigate such effects.

Overall, in addition to climate warming, land transformation and associated declines in canopy
leaf area index significantly increase below-canopy surface temperatures. Mitigation strategies
to address these adverse temperature effects include integrating a higher density of trees and
incorporating species with dense foliage into landscapes. We conclude that planting native tree
species within monoculture plantations offers an opportunity to partially reverse the rising

temperature and support ecosystem restoration in dynamic mosaic landscapes.



Zusammenfassung

Landnutzungsdanderungen von Wald zu landwirtschaftlichen Flachen sind weltweit weit
verbreitet und filhren zu einem erheblichen Verlust an Biodiversitidt und beeintrachtigen
Okosystemfunktionen. Die Landnutzungsinderungen vom Wald zur Landwirtschaft tragen zu
erhohten Oberfldchen- und Lufttemperaturen bei, sowohl in den oberen Schichten der
Vegetation als auch in den Bereichen unterhalb des Kronendachs. Die Temperaturen unterhalb
des Kronendachs sind von groBBer Bedeutung, da hier eine bedeutende Artenvielfalt vorkommt,
wesentliche Okosystemfunktionen reguliert werden, und Menschen leben und arbeiten. Uber
die Temperaturdynamik unterhalb des Kronendachs im Zusammenhang mit
Landnutzungsinderungen und der Wiederherstellung von Okosystemen ist jedoch wenig
bekannt. In unserer Studie haben wir den Kronendach-Blattflachenindex (LAI) und die
Oberflachentemperaturen unterhalb des Kronendachs in einer ldndlichen Region im Tiefland
von Sumatra, Indonesien, untersucht — eine Region, die fiir ihre Landnutzungsédnderungen in
den letzten Jahrzehnten bekannt ist und von Wéldern zu Monokulturplantagen fiihrte. In der
ersten Studie untersuchten wir die Auswirkungen konventioneller Landnutzungsverldufe (Wald
zu Kautschuk- und Olpalmenmonokulturen) auf den Kronendach-Blattflichenindex (LAI) und
die Oberflachentemperaturen unterhalb des Kronendachs. In der zweiten Studie untersuchten
wir das Potenzial diese Entwicklungen teilweise umzukehren; Bdume wurden in den
Olpalmanbau integriert. Dariiber hinaus untersuchten wir die mogliche Rolle der Kautschuk-
Agroforstwirtschaft und diskutieren Optionen fiir eine gesilindere thermische léndliche

Umgebung.

Unsere erste Studie priifte die Hypothese, dass die Umwandlung von Wéldern in Monokulturen
den LAI verringert, was zu hoheren Temperaturen unter der Baumkronenoberfliche fiihrt. Bei
diese Studie auf Landschaftsebene im EFForTS-Projekt (EFForTS-LA) haben wir den LAI und
die Temperaturen unter der Baumkrone in vier Landnutzungstypen gemessen: Wald,
Buschland, Kautschuk und Olpalme —und das auf 132 rdumlich gut verteilten Plots. Wir fanden
heraus, dass der LAI mehr als den Faktor 10 variierte, wobei die hdchsten Werte in Wildern
und die niedrigsten in Kautschuk- und Olpalmenplantagen beobachtet wurden. Die
Temperaturen unter der Baumkronenoberfliche stiegen mit abnehmendem LAI deutlich an.
Ein Riickgang des LAI um eine Einheit (m? Blattfliche pro m? Bodenfliche) erhohte die
Bodenoberflichentemperatur um die Mittagszeit um 0,95 °C (Vertrauensintervall: 1,07 - 0,83

°C). Ebenso wurden die Temperaturen, die auf den Oberflichen von Kopfbedeckungen oder



Hijabs unter dem Blitterdach gemessen wurden, stark beeinflusst. Bei einer hellbraunen Hijab
stieg die durchschnittliche Oberflichentemperatur mittags von Wald zu Olpalme um 4,0 °C.
Diese Studie kam zu dem Schluss, dass die Landnutzungsverldufe vom Wald zum Kautschuk-
und Olpalmenanbau einen negativen Einfluss auf den LAI und die Erhéhung der Temperaturen

unter den Baumkronen haben.

Unsere zweite Studie priifte die Hypothesen: a) Die Integration von Bédumen in
Olpalmenplantagen erhdht den LAI und reduziert dadurch die Temperaturen unter dem
Kronendach, b) Die Temperaturen unter dem Kronendach sinken mit zunehmendem LAI im
Kronendach, struktureller Komplexitit des Bestandes und beobachteter Gehdlzvielfalt, und c)
Die Vielfalt gepflanzter Bdume und die Inselfliche erhohen den LAI und reduzieren die
Temperaturen unter dem Kronendach. In Olpalmenmonokulturen wurden Biume mit
unterschiedlicher Artenvielfalt (0 - 6) und Bauminselfliche (25 m?, 100 m?, 400 m?, 1600 m?)
integriert. Diese Studie wurde neun Jahre nach der Baumpflanzung in einem Experiment zur
Bereicherung der Artenvielfalt (EFForTS-BEE) im Tiefland von Sumatra durchgefiihrt. Daten
aus Wildern und Monokultur-Olpalmenplantagen aus einem groB angelegten EFForTS-LA
wurden als Referenz flir das Experiment verwendet. Im Vergleich zu Monokultur-
Olpalmenplantagen in der Landschaft erhdhte die Baumintegration (Baumpflanzung plus
natiirliche Verjlingung) im Experiment den Kronendach-Blattflichenindex um 0,8 m? m (27
%) und reduzierte die Oberflichentemperatur des Bodens unter dem Kronendach um 1,5 °C
um die Mittagszeit. Ebenso wurden die Oberflichentemperaturen der Hijabs der Arbeiterinnen
und der schwarz-weilen Referenztafeln deutlich reduziert. In Naturwéldern war der LAI
allerdings viel hoher und die Temperaturen unter der Baumkrone niedriger als im
Baumintegrationsexperiment. Auf den Versuchsflichen waren das Pflanzen von Baumen und
die natiirliche Verjiingung in Kombination wirksamer bei der Steigerung des LAI als die
natiirliche Verjlingung alleine. Gemischte Effektmodelle identifizierten den Blattflichenindex
als Schliisselfaktor fiir die Temperatur unter der Baumkrone, zusammen mit der
Sonneneinstrahlung und der Tageszeit. Andere Faktoren wie die Bauminselfldche, die
beobachtete Baumartenvielfalt und die strukturelle Komplexitit des Bestandes waren weniger
wichtig. Unsere Ergebnisse zeigten, dass die Baumintegration durch Pflanzen und natiirliche
Verjiingung Moglichkeiten bietet, die hohen Temperaturen unter der Baumkrone beim
Olpalmenanbau einzudimmen, und dass der Blattflichenindex dabei ein entscheidender Faktor

ist.



Im Weiteren untersuchten wir auch den LAI und die Temperaturdynamik unter der Baumkrone
in zwei Arten des Kautschukanbaus: Kautschuk-Agroforste (Jungle Rubber) und
konventionelle = Kautschuk-Monokulturen. Unsere Ergebnisse zeigten, dass die
durchschnittliche LAI im Jungle Rubber (4,5 m? m?) fast doppelt so hoch war wie in
Kautschuk-Monokulturen (2,3 m?> m2). Die durchschnittliche Bodenoberflichentemperatur
unter der Baumkrone waren in Kautschuk-Monokulturen deutlich héher (1,99 °C) als im Jungle
Rubber. Oberflichentemperaturmessungen von Arbeitermiitzen und Hijabs folgten einem
dhnlichen Trend, was den Einfluss der Baumkronenbedeckung auf die lokalen
Temperaturbedingungen weiter unterstreicht. Unsere Studie zeigte auch, dass Buschland,
Jungle Rubber und baumintegrierte Olpalmenplantagen dhnliche
Bodenoberflichentemperaturen unter der Baumkrone aufwiesen. Diese Temperaturen waren
niedriger als die in Olpalmen- und Kautschuk-Monokulturen beobachteten, aber hoher als in
Waildern. Dieses Ergebnis zeigt deutlich, dass die Integration von Bdumen die Temperaturen

unter der Baumkrone effektiv senkt.

In Anbetracht der zunehmenden Hitzebelastung von Natur und Mensch, die durch den starken
Anstieg der globalen Temperaturen und die zusdtzlichen direkten Auswirkungen der
Landnutzungsdnderungen auf die Oberflachen unterhalb der Baumkronen entsteht, mag die
Verringerung der Mittagstemperatur um 1,5 °C bescheiden erscheinen. Fiir Natur und
Menschen, die der Hitze und ihren negativen Auswirkungen auf die Gesundheit ausgesetzt
sind, erweist sich die Integration von Bédumen jedoch als eine mdgliche Moglichkeit, diese

Auswirkungen abzumildern.

Insgesamt fithrten Landnutzungsinderungen von Wald zu Kautschuk- und Olpalmplantagen
und die damit verbundene Abnahme des LAI im Kronendach zu einem deutlichen Anstieg der
Oberflachentemperaturen unterhalb des Kronendachs. Die Integration von dicht belaubten
Baumen hat sich als eine Strategie zur Abschwichung dieser nachteiligen Temperatureftekte
erwiesen. Die Integration von Bédumen in diese Monokulturen bietet eine vielversprechende

Moglichkeit, den Temperaturanstieg abzumildern.

Vi
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Chapter 1: Introduction

Introduction
1.1 Background

Tropical forests harbor enormous biodiversity, regulate biogeochemical cycles and
environmental processes, maintain ecosystem balance, and contribute significantly to various
ecological functions (Malhi et al., 2022; Pillay et al., 2022; Chen and Xu, 2010). Human
activities are increasingly dismantling the Earth's ecosystems. As society's needs grow over
time, they exert tremendous pressure on forests and other natural resources. This pressure leads
to deforestation, land-use changes, emissions, and pollution. The conversion of intact forests
into other land uses, such as agriculture, plantations, or infrastructure development, results in
habitat loss, biodiversity decline, and increased carbon emissions (Sharma et al., 2018; Jantz
et al., 2015). Agricultural expansion and monoculture plantation results in soil nutrient
depletion, soil erosion, water pollution through herbicide and pesticide applications (Liu et al.,
2018; Wang et al., 2020; Shete et al., 2016). Additionally, it has socio-economic impacts by
creating economic disparities among communities, local landholders, and companies; which
are often unevenly distributed. In 2020, forest land covered 31.2% and agricultural land
covered 36.5% of the world's total land area. Both forest (32.0%) and agricultural land (37.5%)
showed slight reductions compared to 2000. Despite contributing a large share of global forest
area, many tropical countries continue to experience significant forest loss. For example, Brazil
lost 54 million hectares of forest between 2000 and 2020, the highest loss among all countries
(FAO, 2022). This forest degradation, coupled with agricultural expansion, significantly
contributes to greenhouse gas emissions and climate change (Kirschbaum et al., 2013; Pendrill

etal., 2019).

Global warming and climate change pose significant challenges to ecosystem, biodiversity as
well as human societies. Intergovernmental parties have committed to limiting the rise in global
average temperature to 1.5 °C, as outlined by the IPCC (2023). However, the world continues
to warm, already exceeded the 1.5 °C above the pre-industrial level. The year 2024 was the
warmest on record, with 1.60 °C increase in global temperature since records began in 1850
(Climate.copernicus.eu). In addition to climate change, land-use changes also contribute to
rising temperatures. Mean warming caused by land cover changes may account for up to 18%
of the current global warming trend (Alkama and Cescatti, 2016). Particularly in tropical
regions, forest loss increases local and non-local daily temperatures and temperature extremes

(McAlpine et al., 2018; Cohn et al., 2019). Tropical forest tree canopies are approaching critical

1
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temperature thresholds (Doughty et al., 2023). Converting forests into plantations or
agricultural land reduces canopy cover and increases local ambient temperatures, impair water
recycling, adverse impact on soil and microorganism (Hardwick et al., 2015; Keys et al., 2024;
Wang et al., 2021). Extensive land-cover and land-use changes further threaten remaining
ecosystems and amplify climate-induced temperature rises on local and regional scales, often
leading to unfavourable habitat conditions and adverse health impacts for many organisms,
including humans (Chandrashekhar 2023; Mééttinen et al. 2023; Scherer et al., 2023; Sun et
al., 2023; IPCC 2023).

Land surface temperatures and air temperatures have been the primary focus of studies
investigating the effects of climate change and land-use change on both global and regional
scales (Bento et al., 2020; Merga et al., 2022). A pantropical study showed that the average
microclimatic air temperature in forest is 1.6 °C cooler than open air temperature and the
diurnal temperature range inside the forest is 1.7 °C lower compared to open air (Ismaeel et al.,
2024). This variability is regulated by large-scale climate condition, vegetation structure and
topography. However, very little is known about microclimatic temperatures, particularly

below-canopy surface temperatures.

Efforts are being made worldwide to restore degraded forests and fallow lands by planting trees
(Mangueira et al., 2019; Aerts and Honnay, 2011). Global greening has received unparalleled
focus in recent decades. Numerous researches are focused on afforestation, reforestation, and
community-based conservation across the globe (Aerts and Honnay, 2011; Buechel et al., 2024;
Haseeb et al., 2024; Kemppinen et al., 2020; Le et al., 2012). Similarly, agroforestry is endorsed
as nature based solution to ameliorate the negative effect of climate change (Terasaki Hart et
al., 2023; Quandt et al., 2023; Gomes et al., 2020). A remote sensing-based vegetation
greenness study by Chen et al. (2024) found that global greening continued during 2001-2020.
A positive greening acceleration was observed in 55.15% of the globe, while negative browning
acceleration detected in only 7.28%. A study by Zhu et al. (2016) also showed persisted
increase in greening is over 25% to 50% of the global vegetated area, whereas < 4% of the
globe shows browning. However, in the current UN decade of ecosystem restoration, there
remains a critical gap regarding effectively balancing economic needs with maintaining key

ecological functions and curbing rising temperatures.
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—— Existing transitions
* Posiible transitions

Biodiversity and ecosystem functions

Land-use trajectories over the decades

Fig.1.1 Schematic representation of land-use trajectories at landscape level in the lowland
Sumatra. Position of the different land-use types on the y-axis indicates the amount of
biodiversity and ecosystem functions these land-use types supports. Solid dark-blue arrows
show transitions that already been seen and ongoing in the landscape. The light-blue dotted
arrows indicate a possible transition. Tree integration into oil palm (upper right circle) are a
special landscape element established within oil palm monoculture.

Forest conversion into agriculture and monoculture plantation is pantropical. One classic
example is massive conversion of rain forest into plantations in Indonesia (Lee et al., 2014;
Prabowo et al., 2017). In Indonesia, over the 50 years government has been releasing
commercial logging concessions and supporting transmigration schemes (1098s and 1990s)
from densely populated areas into less inhabited islands like Sumatra to improve the economic
development, played an instrumental role in spread of oil palm in Jambi (Gatto et al., 2015).
Over the time by 2013, only 30% of rainforest of the province remained mainly in mountains
and protected areas. Almost 55% of the land accounted for agricultural area, with 10% of
degraded or fallow land waiting for monoculture conversion. Rubber (Hevea brasiliensis) and
oil palm (Elaeis guineensis) are two species were largely cultivated in Indonesia by the
colonizer and continued to expand. The large-scale expansions are by big companies and small
holders have small illegal land acquisition of forest to expand or new plantation (Lee et al.,
2014) . Forest conversion to other land uses in lowland Sumatra has resulted in the loss of

biodiversity and ecosystem functions (Fig. 1). Such land-use changes may influence, and most
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likely increase, below-canopy surface temperatures (Pallavi et al., 2024), although the extent

of this change remains unknown.

Oil palm and rubber are usually grown in monocultures (Azhar et al., 2017; Niu et al., 2017).
such plantations negatively impact on biodiversity, severely impair ecosystem function and
degrad local environment (Foster et al., 2011; Drescher et al., 2016; Barnes et al., 2014; Dislich
etal., 2017). Conversion of forests into oil palm monoculture has resulted in profitability gains
for land owners that led to a significant reduction in biodiversity (Grass et al., 2020),
diminished carbon storage (Guillaume et al., 2018), increased soil compaction, degradation and
erosion (Guillaume et al., 2015) and the loss of hydrological buffering against floods and
droughts (Merten et al. 2017), among other adverse effects (Dislich et al. 2017; Cardinale et
al. 2012; Edwards et al. 2014; Foster et al. 2011). It was also reported that forest conversion
to oil palm results in elevated land-surface temperatures (Lawrence et al., 2022; Sabajo et al.,
2017), increased local and regional temperature. Forests were up to 2.2 °C cooler than oil palm
and rubber plantation (Meijide et al., 2018). A study from Borneo showed that primary forest
i1s 6.5 °C cooler than oil palm plantation (Hardwick et al., 2015). Conversion leads to soil
degradation, invasion of alien species, microbial diversity loss (Guillaume et al., 2016; Widyati
et al., 2022; Rembold et al., 2017; Singh et al., 2019). For an oil palm agroforest, an influence
of stand structural complexity on land-surface temperatures and microclimate was reported

(Donfack et al., 2021).

Several studies have explored biodiversity, temperature, humidity, soil health, tree growth, and
productivity, stand structure and meteorological aspects like microclimatic temperature, land
surface temperature, hydrological parameters to better understand the impact of land-use
trajectories (Rembold et al., 2017; Donfack et al., 2021; Niu et al., 2017). However, a research
gap exists in understanding below-canopy surface temperature and its relationship with leaf
area index. Monoculture plantations often have single layered canopy and have fixed spacing
between plant to plant and row to row. It creates considerable gaps in canopy and allow large
amount of solar radiation to reach below-canopy surface. Also, the transpirational cooling
effect of canopy restrict to the canopy layer, but the effect of cooling below the canopy or in
vertical column of space is less. Below canopy surface temperature is mainly regulated by
canopy structure under the ongoing meteorological conditions at given time and place (Cheung

et al., 2021). The amount of light mediated through the canopy to the ground surface largely
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depends on canopy foliage and canopy structure, which is characterized as leaf area index

(LAI)(Unger et al., 2013; Pfeifer et al., 2018).

Leaf area is a key biophysical parameter, act as interface between vegetation and atmosphere
(Cohen et al., 2003; Fournier et al., 2003; Turner et al., 1999), controls radiation and thermal
conditions within the canopy (Fournier et al., 2003) and closely connected to critical processes
such as evapotranspiration, respirations, photosynthesis, biogeochemical cycles, and it is
essential to the climate system (Brown et al., 2017; Qiao et al., 2020; Fang et al., 2019; Tian et
al., 2017). Plant canopies are dependent on species composition, microclimatic conditions,
nutrient dynamics, management activities (Parker, 2020). As a core parameter, LAI connects
canopy structure to ecosystem function, making it essential for assessing the impact of global
environment changes on forest (Khairiah et al., 2017). Despite its vital role, there is not much
is investigated about variation in LAI across different land use types at landscape scale in
tropical region, this may be due to the challenges in measurement. There is no study on below
canopy surface temperature across the land use types, which is predominantly influenced by
LAI under the existing meteorological conditions. Also, the canopy attributes and composition
generally moderates temperature below the canopy and thus creates microclimate (Von Arx et
al., 2012, Zellweger et al., 2019). This energy exchange can impact both surface and air
temperature, changes in one affects the other. Below canopy ground surface temperature is
strongly influenced by factors such as background air temperature, relative humidity, radiant
temperature, and shortwave radiation (Cheung et al., 2021). Despite the fact that many
organisms thrive in the subcanopy and on the ground, challenges in estimating below-canopy
surface temperatures often being unstudied or undervalued. These temperatures, along with
human experiences of heat, can also be influenced by factors such as humidity, wind speed,

and evapotranspiration.
1.2 EFForTS project

Lowland Sumatra is a highly dynamic landscape that has experienced forest conversion into
rubber and oil palm monocultures over several decades. In this landscape, the EFForTS
(Ecological and Socioeconomic Functions of Tropical Lowland Rainforest Transformation
Systems) project has been investigating various aspects since 2012. EFForTS project aimed to
generate science-based knowledge to safeguard and optimize the ecological functions of

tropical forests and agriculturally transformed system at a landscape scale, while improving
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human well-being. Further, the initiative focuses on developing and implementing nature-
based solution to address conservation challenges through integrated approaches to agricultural
land use. The research is conducted within Jambi Province, Sumatra, encompassing two
landscapes and 32 core sites which include transformation system and forests serving as
reference sites. The project operated in three different phases, Phase 1 focused on Differences
in ecological and socioeconomic functions of land-use changes due to rainforest transformation
into rubber and oil palm plantations in Indonesia. Phase 2 focused on Heterogeneity as a new
umbrella theme and, phase 3 extends the investigation of heterogeneity in space and time by
focusing on the theme from heterogeneity towards sustainable landscapes, this investigated
heterogeneity at the 1) landscape level (EFForTS-LA) with the establishment of spatially well
distributed 100 new plots, ii) in biodiversity enrichment experiment (EFForTS-BEE) and iii)
in management of oil palm management (EFForTS-OPMX).

The EFForTS project systematically analyses and compares a wide array of factors associated
with rainforest transformation, encompassing above- and below-ground biodiversity, soil
fertility, water dynamics, nutrient cycling, greenhouse gas fluxes, and the economic, social,
cultural, and political dimensions. Particular emphasis is placed on identifying synergies and
trade-offs among and between ecological and socioeconomic functions, which are critical
prerequisites for the development and implementation of more sustainable land-use systems

(For more details of the project and findings please refer to https:/www.uni-

goettingen.de/en/science/412128.html). However, there is a knowledge gap regarding below-

canopy surface temperatures and the factors that influence them. Understanding below-canopy
surface temperatures is crucial, as many organisms, including humans, live beneath the canopy,

and several geochemical cycles are regulated there.
1.3 Research objectives and hypotheses

In our study, we conducted a landscape-level assessment (EFForTS-LA) comprising 132
spatially well-distributed plots across the lowland landscapes of Sumatra. These plots
represented various land-use types, including forests, shrublands, oil palm plantations, and
rubber plantations (see study location in Chapter 2). Additionally, we investigated the
Biodiversity Enrichment Experiment (EFForTS-BEE), a novel approach within the project.

This experiment involved planting tree species with varying diversity (0 -6) and tree islands


https://www.uni-goettingen.de/en/science/412128.html
https://www.uni-goettingen.de/en/science/412128.html
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with different sizes (25 m?, 100 m?, 400 m?, 1600 m?) within oil palm plantations, using a

randomized partition design (see Chapter 3).

In both studies, we examined below-canopy surface temperature and leaf area index under
existing meteorological conditions. The overarching objectives were to understand the impact
of land-use trajectories on leaf area index and below-canopy temperatures, as well as to
evaluate the potential of tree integration in mitigating the adverse effects of land-use

trajectories.

The following hypotheses were tested in Chapters 2 and 3.

Chapter 2
e Land-use trajectory from forest to oil palm and rubber reduces leaf area index (LAI)
and increases below-canopy surface temperatures.
e Below-canopy surface temperatures can be predicted by LAIL

e Farm workers experience heat stress under reduced canopy cover.

Chapter 3

e Tree integration into oil palm plantations enhances LAI and thereby reduces below-
canopy temperatures.

e Below-canopy temperatures decrease with increasing canopy LAI, stand structural
complexity, and observed woody diversity.

e Planted tree diversity and island area increase LAI and reduce below-canopy

temperatures.
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Chapter 2: Changes in leaf area index by tropical forest transformation

Abstract

Climate change affects life in tropical landscapes by increasing temperatures, among other
impacts. In addition, land transformation from forest to other land cover types typically
increases temperatures of surfaces exposed to direct solar radiation. In rural areas, however,
many organisms including humans live sheltered below canopies, but little is known about
below-canopy surface temperatures. We assessed canopy leaf area index (LAI) and below-
canopy surface temperatures in a landscape of rural lowland Sumatra, Indonesia. In this region,
land-use trajectories in the past decades led from forest to monocultural plantations. We found
that LAI varied more than 10-fold, with the highest values observed in forest and low values
in rubber and oil palm plantations. Below-canopy surface temperatures increased significantly
with decreasing LAI. A decrease in LAI by one unit (m? leaf area per m? ground area) increased
ground surface temperature by 0.95 °C (confidence interval: 1.07 - 0.83 °C) around noon.
Likewise, the temperatures measured on peoples’ cap or hijab surfaces under the canopy was
strongly affected. For a light-brown hijab, the average noon surface temperature increased by
4.0 °C from forest to oil palm. Thus, in addition to climate warming, land transformation and
associated declines in canopy LAI significantly increased below-canopy surface temperatures.
Strategies for mitigating such potentially adverse temperature effects may include the

integration of more and densely foliated trees into landscapes.

Keywords: LAI, land-use, hijab, cap, surface warming
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2.1 Introduction

Climate warming is increasingly recognized as a severe threat to nature. Tropical forest tree
canopies are approaching critical temperature thresholds (Doughty et al., 2023) and heat
challenges human health in cities and rural areas (Chandrashekhar, 2023; Masuda et al., 2020,
Sahu et al., 2013). Forest loss in the tropics increases local and non-local daily temperatures
and temperature extremes (McAlpine et al., 2018; Cohn et al., 2019), significantly contributes
to global warming and leads to the local warming of land surfaces (Lawrence et al., 2022;
Sabajo et al.,, 2017; Alkama and Cescatti, 2016; Mildrexler et al., 2011). Land surface
temperature dynamics can well be monitored from air and spaceborne platforms as long as the
surfaces are exposed (Doughty et al., 2023; Donfack et al., 2021; Mildrexler et al., 2011).
However, in rural areas, many organisms including humans live sheltered below canopies of

forest, agroforests, tree plantations or other tree-based land-use types.

Climate change also affects global vegetation dynamics. Long-term records of leaf area index
(LAI) indicate that warming has led to increased greening in high-latitude areas and reduced
LAI in tropical regions, often coupled with land transformation (Zhu et al., 2016; Liu et al.,
2010). On the other hand, climate-mitigative ecological restoration projects enhance the

regional vegetation cover (Peng et al., 2021).

Significant changes in canopy characteristics are found in tropical landscapes undergoing
transformation (Rembold et al., 2017; Osen et al., 2021). For example, In the lowlands of
Sumatra, airborne laser scanning revealed strong differences in canopy height and foliage
density among different land-use types (Camarretta et al., 2021). The transformation of forest

to oil palm was also reported to increase daytime air temperatures below the canopy by 2.2 °C

(Meijide et al., 2018).

The amount of light mediated by the canopy to the ground surface largely depends on canopy
foliage, which is often characterized by the variable LAI. It is a central variable in ecosystem-
atmosphere exchange and influences below-canopy energy availability by controlling radiation
regime and thermal conditions within the canopy (Fournier et al., 2003), wherein dense tree
canopies reduce the severity of warming impacts on biodiversity and ecosystem functioning
(De Frenne et al., 2019). The underlying mechanisms controlling surface temperatures are more

complex and include components of the radiation balance, latent heat fluxes

16



Chapter 2: Changes in leaf area index by tropical forest transformation

(evapotranspiration) and vegetation structural complexity (Graham et al., 2010; Yu et al.,
2023). LAI thus appears as a particularly promising variable for understanding and predicting
dynamics of below-canopy surface temperatures. LAI is the one sided surface area of the total
green leaf area per unit ground surface area (Bonan, 1995; Chen and Black, 1992; Qiao et al.,
2020). It can be assessed by destructive sampling and analysis of leaf sizes (Fang et al., 2019;
Casa et al., 2019), which is however rarely practiced because it is very labor intensive and may
go against the principles of nature conservation. Indirect approaches involve the use of optical
techniques, e.g. hemispherical photography with specialized plant canopy analysers (e.g. Tian
et al., 2017; Raj et al., 2021). LAI estimates are also available from remote sensing products
from various platforms, with variable spatial and temporal resolution (e.g. Camarretta et al.,
2021; Valdés-Uribe et al., 2023). However, ground-referencing of these products is highly

recommended.

Our study was conducted in a landscape of rural lowland Sumatra. The ongoing trend in land
cover is transformation of forest to rubber and oil palm plantations (Grass et al., 2020) and
includes shrublands, which are forests cleared for plantation establishment or transitions to
secondary forest (Camarretta et al., 2021). We expect that LAI decreases and below-canopy
surface temperatures increase along this trajectory of land-use transformation. We hypothesize

that below-canopy surface temperatures can be predicted by LAI

2.2 Methods
2.2.1 Study design

The research was conducted in the lowlands of Jambi Province, Sumatra, Indonesia (Fig. 2.1).
The study plots are positioned between 102°56° to 103°42 latitude and 2° 21’ to 1°69’ longitude.
The average annual air temperature in the region is 26.7 + 0.2 °C (mean £ SD), and the annual
precipitation is 2,235 £ 385 mm (mean + SD) (Drescher et al., 2016). The dominant soil type
is Acrisol (Allen et al., 2015). Over the past decades, the region has witnessed a significant
transformation in land use, with the once predominant lowland rainforests giving way to
agricultural systems like rubber and oil palm plantations (Clough et al., 2016). The rainforests
of Jambi have a long history of exploitation, encompassing both traditional agroforestry
practices and the extraction of timber and non-timber products (Andaya, 1993; Kathirithamby,
1993). Previously logged rainforests have often been converted into intensively managed agro-

industrial zones to cultivate cash crop trees such as rubber (Hevea brasiliensis) and oil palm
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(Elaeis guineensis) (Gatto et al., 2015). During the 1970s, large commercial logging
concessions were issued, marking the onset of significant changes. Subsequently, governmental
land and resource use policies were combined with population migration schemes, particularly
from densely populated regions to Jambi, aimed at driving economic development (Elmhirst,
2011; Gatto et al., 2015). These transmigrated populations primarily engaged in cash crop
production, leading to rapid land-use change and a continuous decrease of rainforest cover. By
2013, rainforests covered only 30% of the province, with forests mainly located in mountainous
or protected areas, while agricultural areas accounted for up to 55% of the land, with
approximately 10% of degraded or fallow land (mainly waiting for conversion to plantations)
(Drescher et al., 2016). As of 2014, Jambi Province witnessed extensive cultivation, with over
590,000 ha of oil palm and more than 650,000 ha of rubber plantations, accounting for 12%
and 13% of the land cover, respectively (Badan Pusat Statistik, 2014). Different plantation ages
and associated plant sizes as well as different management practises (e.g., related to planting

densities) introduce considerable spatial heterogeneity into the landscape.

Our study was part of an interdisciplinary landscape assessment within the framework of the
EFForTS project (www.uni-goettingen.de/efforts; Drescher et al., 2016). For this study, four
land-use and land-cover classes (Camarretta et al., 2021) were selected: 1) forest:
encompassing areas dominated by trees including secondary rainforest and degraded primary
rainforest, both with minimum 50% tree canopy closure above the lowest vegetation layer.
Forest plots were located in the Bukit Duabelas National Park and the Harapan rainforest,
which exhibit near natural conditions, while other forest plots outside of these protected areas
typically showed signs of disturbance. 2) shrubland: this broad category comprises shrub
dominated fallow areas transitioning to secondary forest or cleared for plantation
establishment, with up to 50% tree canopy closure above the lowest vegetation layer; often
dominated by rather small-statured trees. 3) rubber plantation: regular monoculture plantations
located across smallholder farms and commercial enterprises, covering a wide range of
plantation ages (6 to 39 years). Rubber plantations in the region exhibit periodic partial leaf
shedding (Niu et al., 2017). 4) oil palm plantation: monoculture plantations located across
smallholder farms and commercial enterprises (Wenzel et al., 2024), covering a wide range of

plantation ages (4 to 31 years).

A total of 132 plots were selected, with 33 plots in each land-use type (Camarretta et al., 2021,

Fig. 2.1). Each plot covered an area of 1000 m?, was circular in shape and comprised five sub-
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plots with an area 25 m? (Appendix, Fig. A2.1). Of the 132 plots, our study covered 124 plots
(forest = 30, shrubland = 31, rubber = 31 and oil palm = 32) because some plots were
inaccessible during the field campaign. The elevation of the study plots is 60 m = 13 m (mean

+ SD) a.m.s.l.

2.2.2 Data
2.2.2.1 Leaf area index

Leaf Area Index (LAI) was assessed using a LAI-2200C Plant Canopy analyzer (LI-COR,
Biosciences Inc., Lincoln, USA). This instrument comprises two wands with optical sensors
designed to measure radiation, with one wand capturing above-canopy radiation and the other
below-canopy radiation. During a single measurement, the device reads canopy light
interception at five zenith angles from both inside and outside measurements. The LAI values
are then computed by the software FV2200 2.1. Due to the small-sized subplots, we used the
45° view-restriction cap while taking the readings. In our study, the above-canopy wand was
positioned in an open area near the respective study plot, while on the plot, data collection
occurred at all five sub-plots at a height of 1.3 meters with the below-canopy wand. LAI
measurements were obtained only once per plot in the early morning (before bright sunlight to
avoid scattering effects that could confounding measurements), between June 2021 and March

2022.

2.2.2.2 Below-canopy surface temperature

Below-canopy surface temperature was assessed using a Fluke PTi120 pocket thermal imager,
specifically the FLK PTi120 9 Hz model with infrared resolution 120 x 90 (Fluke Corporation,
WA, USA). Thermal images were captured for the below-canopy ground surface, a black and
white board, a blue worker cap and a light-brown hijab. A hijab is a piece of cloth used by
women to cover their head (also see graphical abstract), while male farm workers in Indonesia
often wear a cap. The cap and hijab were positioned at 1.5 meters height using a tripod in the
morning and remained in place until the conclusion of measurements. Thermal readings were
conducted at 11:00 am, 12:00 pm, 1:00 pm, and 2:00 pm of the respective measurement day.
Each plot was visited only once during the field campaign (between June 2021 and March
2022). Images were captured at a height of 2.5 meters from the ground which is well within

the margins of high accuracy measurements with the device (until 3 m distance from the object)
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while capturing the maximum possible ground area (2.30 m x 1.72 m). The temperature data
were extracted from the thermal images using the Fluke Connect (V1.1.548.0) software.
Temperature readings were conducted at an irradiance in the open area ranging from 30 W m-

2t0 658 W m? (mean = 314 W m2; SD = 167 W m™2), but not during or shortly after rainfall.

102°39.60° 103°15.00°

Sumatra

-1°46.20"
-1°46.20"

Land-use types
O Forest

@ Shrubland
@ Rubber

® Oil palm

-2°21.60'
-2°21.60'

102°39.60° 103°15.00°

Fig. 2.1. Study landscape in Jambi province, Sumatra, Indonesia with the 132 study plots across
the land-use types forest, shrubland, rubber and oil palm plantations. Background map:
Sentinel-2 cloudless 2021 by EXO from QGIS 3.28.

2.2.2.3 Below-canopy ground surface

For characterizing the ground surface, we used the RGB images obtained from the abovenamed
thermal camera. We categorized the ground surface components as bare soil, vegetation or
debris. The point sampling technique was applied, wherein the SamplePoint Software (Booth
et al., 2007; Booth and Cox, 2011) was utilized to evenly distribute a grid of 25 points over

each digital image.

2.2.2.4 Ambient air temperature and irradiance

Air temperature beneath the canopy was measured employing a thermo-hygrometer (BC06,

TROTEC, Germany). Irradiance measurements were conducted using two SpectraPen mini-
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PSI25168 devices (Photon System Instruments, Czech Republic), compact and portable
spectroradiometers calibrated for visible light as outlined in previous studies (Niedermaier et
al., 2020; Wojciechowska et al., 2020). Simultaneous measurements were taken within the plot

and in a neighboring open area.

2.2.2.5 Statistical analysis

We employed analysis of variance (ANOVA) with Tukey HSD post hoc tests to examine
significant differences in LAI, below-canopy surface temperature, cap and hijab surface
temperature, and black and white board temperature and ambient air temperature across the
different land-use types. The assumption of normality of the data distribution was confirmed
for each land-use type via visual assessments with histogram and QQ plots. The standard
deviation for the difference between two mean values for land-use types was calculated
according to Lane et. al. (2003). Linear regression analysis was conducted to examine the
relationship between below-canopy surface temperature and LAI. Additionally, a linear mixed-
effects model, utilizing the R package Ime4 (v1.1.33; Bates et al., 2015), was employed to
predict below-canopy surface temperature using the variables LAI, solar irradiance, time of
day and land-use type as factors. In the mixed-effects model, continuous predictor variables
were standardized using the scale function, ensuring a mean of zero and a standard deviation
of one. This standardization facilitates the comparison of effect sizes for the estimated
coefficients. All data analyses and visualizations were carried out using the R statistical

software (v4.3.0; R core team, 2023)

2.3 Results
On the 124 study plots, LAI varied between 0.7 and 7.3 m?> m™ (Table 1). LAI in forest was

significantly higher than in shrubland, rubber, and oil palm plantations. The coefficient of

variation (CV) was higher in rubber, oil palm, and shrubland than in the forest.

In all land-use types, debris and green vegetation dominated the cover of below-canopy ground
surface (Appendix, Fig. A2.2). The proportion of bare soil varied between 2% and 15% (Table
A.1). The below-canopy ground surface temperatures ranged from 25 °C to 41 °C. It increased
with decreasing LAI (R? = 0.4, Fig. 2.2). The slope of the regression line was 0.95 (Appendix,
Table A2.2), indicating that a reduction in LAI by one unit corresponds to a 0.95 °C (confidence
interval CI 1.07 - 0.83) increase in ground surface temperature, 1.58 °C (CI 1.79 - 1.37) in cap
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surface temperature (Appendix, Table A2.3) and 1.15 °C (CI 1.32 - 0.99) in hijab surface
temperature (Appendix, Table A2.4). Of the measured surfaces, the ground surface consistently
exhibited lower temperatures. The surface temperatures of the cap and hijab were similar at
high LAI and diverged with decreasing LAI. The black board surface consistently displayed
the highest temperatures among all surfaces, while the white board surface exhibited

temperatures higher than the ground surface but lower than those of other surfaces (Appendix,

Fig. A2.4).

Table 2.1. Leaf area index (LAI) across different land-use types. The letters attached to the
mean indicate significant differences at p < 0.05 among land-use types (ANOVA, Tukey’s HSD
test).

Leaf area index (m? m2)

N Max Min Mean SD CV%
Forest 30 7.3 4.2 5.92 0.64 11
Shrubland 31 6.6 1.8 4.3b 1.33 31
Rubber 31 5.1 0.7 2.7° 1.12 42
Oil Palm 32 4.4 0.8 2.9¢ 0.92 32

A linear mixed-effects model had a conditional R? of 0.70 and a marginal R? of 0.33; it included
the variables LAI, open-area solar irradiance, and time of day (Table 2). Land-use type did not
emerge as a significant predictor variable and was thus excluded from the final model
(Appendix, Table A2.8). In terms of effect size, LAI emerged as the most impactful predictor
variable, followed by open-area solar irradiance, i.e. incoming radiation in an open area nearby
the respective plot. Further, time of the day played a role with a peak occurring at 13:00 hrs.
Consistent outcomes and similar model performance were also observed for the surface
temperatures of the black and white board and of the workers' cap and hijab (see Appendix,
Tables A2.9 to A2.12).

Below-canopy surface temperatures increased from forest over shrubland to rubber and oil
palm plantations (Fig. 3). Transitioning from an average forest to an average oil palm plantation
resulted in a 3.3 +£ 0.58°C (mean + SD) increase in ground surface temperature, a 5.1 = 1.05°C
(mean £ SD) increase in the surface temperature of the dark blue cap and a 4.0 + 0.88°C (mean

+ SD) increase in the surface temperature of the light-brown hijab. The temperatures of the
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different surfaces varied both within and among the studied land-use types (Appendix, Fig.
A2.5).
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The ground surface, on average, was cooler than the air. The mean difference between below-
canopy air temperature and ground-surface temperature was 2.5 °C in forest, 2.4 °C in
shrubland, 1.7 °C in rubber and 1.6 °C in oil pam plantations (Appendix, Table A2.13).

Table 2.2. Outcome of a linear mixed effect model for the response variable below-canopy
ground surface temperature with the fixed factors leaf area index (LAI), open-area irradiance
(IRR) and time of day (Time 11.00 hr. 12.00, 13.00, 14.00 hrs.) and the random factor sub-plot.
LAI and open-area irradiance (continuous variables) are scaled (non-scaled model output is
depicted in Table A.5). Similar model results as here for the sub-plot level were observed for
analyses at the plot level (see Appendix, Tables A2.6 and A2.7).

Below-canopy ground surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 28.47 0.10 28.27 - 28.67 <0.001
LAI -1.57 0.08 -1.73 --1.40 <0.001
IRR (Open area) 0.61 0.05 0.51-0.70 <0.001
Time 12.00 hr. 0.86 0.10 0.66 - 1.05 <0.001
Time 13.00 hr. 1.08 0.10 0.89 - 1.28 <0.001
Time 14.00 hr. 0.98 0.11 0.76 - 1.20 <0.001
Random Effects

o’ 2.74

too Subplot 3.47

ICC 0.56

N subplot 620

Observations 2247

Marginal R?/Conditional R>  0.327/0.703

2.4 Discussion
Across the studied landscape in lowland Sumatra, leaf area index per plot varied more than 10-

fold. The observed LAI values align well with data from the region and other tropical areas
assessed from the ground (Khairiah et al., 2017; Aragao et al., 2005; Osen et al., 2021; Awal et
al., 2010; Darras et al., 2019). Our LAI values are however twice as high as the corresponding
metric obtained from airborne laser scanning (Camarretta et al., 2021). A strong relationship
between the two data sets (R2 = 0.78) provides an opportunity to scale-up LAI from the plot-
level to the entire landscapes that were assessed with the airborne LiDAR (Schlund et al.,

unpublished).

In accordance with our initial expectations and hypothesis, we found a negative correlation
between LAI and below-canopy surface temperature in a linear model (R? = 0.4). It indicates

that for every unit decrease in LAI, below-canopy ground surface temperature increases by
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0.95°C (CI 1.07 - 0.83). Somewhat comparable to our results, a study conducted in three land
use types in Borneo (old growth forest, logged forest, oil palm) identified strong negative
correlations between LAI (measured from hemispherical photography) and soil temperature
(Hardwick et al., 2015). Notably, our results showed some very high surface temperature values
of cap, hijab and black board at moderately high LAI; this may be attributed to direct sun flecks
reaching the surface. Surface temperatures varied among the different surface types due to

differences in their physical characteristics (e.g. surface color, material).
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Fig. 2.3. Below-canopy temperature of different surfaces and below-canopy air temperature
across land-use types measured at noon. The letters (on top of the boxes) indicate significant
differences (p < 0.05) among land-use types, based on ANOVA with Tukey’s HSD test.

Our mixed-effect model showed an R? of 0.7. It indicated that among several predictors the
variable LAI was the most influential for predicting below-canopy surface temperatures.
Following LAI, open-area irradiance emerged as the second most important variable, aligning
with the expectation that energy availability strongly influences surface temperatures. The
categorical variable land-use type was not significant in the model, likely due to the high
importance of LAI and the substantial variability in LAI within land-use types, particularly in
shrubland, rubber and oil palm plantations. The observed high variability of LAI within these
land-use types may offer opportunities for management towards higher LAI, and thus lower
below-canopy surface temperatures. For example, we observed lower LAI in young plantations
than in advanced plantations; therefore, an expanded rotation length of plantations beyond the

common 25 years cycle would lead to a higher share of stands with a relatively high LAI.

We found distinct differences in air-to-surface temperatures in forest and shrubland (Appendix,
Table A2. 13), indicating surface cooling attributable to evapotranspiration (latent heat flux).
This air-to-surface temperature difference was notably smaller in rubber and oil palm
plantations. Given the lower LAI values and higher irradiance percentage penetrating through
the canopy in rubber and oil palm plantations (Appendix, Fig. A2.3), we infer that the available
energy for below-canopy evapotranspiration is considerably higher in rubber and oil palm
plantation. While the precise rates of evapotranspiration below the canopy are currently
unknown, there is a possibility of a change in energy partitioning, potentially leading to a higher
conversion of energy into sensible heat fluxes in rubber and oil palm plantations compared to
forests (Sabajo et al., 2017). Future studies could further explore energy partitioning by
leveraging data from energy input and thermal images, as demonstrated in previous research

(EllsaBer et al., 2021).

Transitioning from an average forest to an average oil palm plantation resulted in a 3.3 +£0.58°C
(mean + SD) increase in ground surface temperature, a 5.1 + 1.05°C increase in the surface
temperature of a dark blue cap and a 4.0 + 0.88°C increase in the surface temperature of a light-
brown hijab. Rubber and oil palm plantation types showed a higher variability in surface

temperatures than forest. This is attributable to a higher spatial heterogeneity of rubber and oil
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palm stands in the landscape as compared to the more homogenous, relatively closed canopies
of forests, while plantations vary in age and management (particularly planting density) and
thus differ in key stand characteristics such as canopy cover, plant size and leaf area (R0l et
al., 2019; Meijide et al., 2017; Niu et al., 2017). Rubber plantations in the study region further
show temporal variations in canopy and leaf characteristics, as they temporally partially shed
their leaves (Niu et al., 2017). Below-canopy surface temperatures and human experiences of
temperature may further be influenced by air humidity, wind speed and evapotranspiration,

which were not assessed in our study.

An exposure to excessive heat can have adverse effects on human health and well-being,
performance and productivity, and such problems are already observed in tropical landscapes
(Masuda et al., 2021; Parsons et al., 2021; Wolff et al., 2021; Vargas Zeppetello et al., 2020;
Sahu et al., 2013). As such, the conversion of native forest to oil palm plantations increased the
frequency of high temperature events (Chapman et al., 2020), and decreased canopy closure in
oil palm plantations compared to forests was also associated with generally higher local surface
temperatures (Ramdani et al., 2014). Forests provide relatively stable microclimatic habitats
that provide a buffer from external climatic conditions. Forest fragmentation increases edge
effects and increasingly exposes habitats to external climatic conditions (Ewers and Banks-
Leite, 2013). The eventual transformation of forest landscapes to plantations leads to an
increase in air temperatures, which influences most organisms and biogeochemical processes
and can pose a threat to biodiversity up to the point of causing local extinctions of species while
favoring exotic species (Latimer and Zuckerberg, 2021; Fayle et al., 2010). Overall increased
temperatures also cause stress to oil palms and rubber trees themselves, thus favoring insect
pest and diseases and potentially resulting in critical yield reductions (Abubakar et al., 2021;
Paterson, 2019). Landscape cooling is thus not only a social or health-related issue but is also
relevant as an economic climate change adaptation measure. Strategies for mitigating such
potentially adverse temperature effects may include the integration of more and more densely
foliated trees into landscapes. For rubber plantations such systems have a longstanding history
on Sumatra, e.g. in the form of so-called jungle rubber systems (see e.g. Hardanto et al., 2017).
In an oil palm landscape, Korol et al., (2021) found 10 scattered trees per ha, but these trees
were mostly small-statured and there were signs of decreases in the number of such trees over
time. One promising approach is to establish diverse tree islands within the ‘oceans’ of

monoculture (oil palm) plantations or to create oil palm agroforests (Zemp et al., 2023). Larger
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size and structural complexity of planted tree islands were associated with lower average air
and surface temperatures than smaller and less complex plots (Donfack et al., 2021). Such tree
islands in oil palm landscapes may buffer against rising temperatures and in addition serve as
refugia for biodiversity. Riparian buffer zones mainly for hydrological reasons may offer co-
benefits for terrestrial biodiversity and improved microclimatic conditions (Williamson et al.,
2021). Such landscape elements could thus help to mitigate some of the adverse environmental
effects associated with the large-scale expansion of oil palm plantations.

To our knowledge, our study is the first to systematically assess below-canopy surface
temperatures in a tropical region across a very large number of study plots (>120) and across
key land-use types. It is also the first to evaluate the human temperature experience in tropical

transformation landscapes by assessing workers’ cap and hijab temperatures under the canopy.

2.5 Conclusions

Land transformation from forest to oil palm and rubber plantations in tropical lowlands
increases surface temperatures also below the canopy. Leaf area index is a canopy metric that
can reasonably well predict or indicate the ongoing changes in below-canopy surface
temperatures, and is also available from remote sensing products. A strategy for mitigating the
adverse effects of temperature increases in transformation landscapes may lie in fostering the
establishment of tree islands with complex vegetation structure into human-modified

landscapes.
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Abstract

Land-use change from forest to agriculture contributes to increasing surface and air
temperatures, both in the upper layers of vegetated land and the areas below the canopy. Below
the canopy, considerable biodiversity occurs, important ecosystem functions are regulated and
humans live and work, but information on how land-use change drives local temperature
dynamics, particularly in the context of ecosystem restoration, is scarce. In our study, we tested
different modes of tree integration in oil palm monocultures and assessed the factors controlling
below-canopy temperatures. The study was conducted nine years after tree planting in a
biodiversity enrichment experiment in lowland Sumatra (EFForTS-BEE). Data from nearby
forests and monoculture oil palm plantations from a larger-scale landscape assessment were
used as a reference for the experiment. Compared to oil palm monocultures, tree integration
via planting and natural recruitment in the experiment increased the canopy leaf area index
(LAI) by 0.8 m>m (27%) and reduced below-canopy ground surface temperature at noon by
1.5 °C. Similarly, the below-canopy surface temperatures of a worker’s hijab and of a black
and white reference board were notably reduced. In nearby old-growth forests LAI was much
higher and below-canopy temperatures were lower than in the tree integration experiment. On
the experimental plots, tree planting plus natural recruitment was more effective in increasing
LAI than natural recruitment alone. Mixed-effects models reveal LAI as a key predictor of
below-canopy surface temperatures, together with solar irradiance and time of day. Other
factors such as tree island size, planted tree diversity, observed tree diversity or stand structural
complexity were less important. Our findings indicate that tree integration by planting and
natural recruitment offers opportunities to curb high below-canopy temperatures in oil palm

cultivation, and that leaf area index is a crucial factor therein.

Key words: Tree island, solar irradiance, observed diversity, stand structural complexity, heat

stress, farm workers
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3.1 Introduction

Climate change leads to increasing air and land surface temperatures worldwide, posing threats
to biodiversity, ecosystem functions and humankind (IPCC 2023). Particularly in tropical
regions, ongoing vast land-cover and land-use changes further amplify climate-induced
temperature increases at local and regional scale (McAlpine et al., 2018; Cohn et al., 2019). In
tropical forests, tree canopies are approaching a critical temperature threshold at which
photosynthetic mechanisms may fail (Doughty et al., 2023). Information on land surface
temperatures is relatively abundant for the upper and exposed vegetation layer, since it can well
be monitored by airborne and spaceborne sensors (Doughty et al., 2023; Donfack et al., 2021;
Mildrexler et al., 2011; Sun et al., 2010). Less information is available for below-canopy
surface temperatures. Below the canopy, however, considerable biodiversity occurs, important
ecosystem functions are regulated, and humans live and work. Hotter temperatures, both
outdoors and indoors, are associated with substantial heat-related human mortality and
morbidity including heat strokes, cardiovascular diseases, respiratory diseases, microbial
infraction and mental health issues (Hondula et al., 2015; Campbell et al., 2018; Lo et al., 2024;
Kovats et al., 2004). Below-canopy areas serve as thermal refuges with buffered climatic
extremes that help to maintain biodiversity and ecological functions (Ashcroft, 2010; Keppel

etal., 2012).

In the tropics, one major trajectory of concurrent land-use change leads from forest to oil palm
(Elaeis guineensis Jacq.) plantations. Oil palm plantations are highly productive and contribute
to rural livelihoods, yet this comes with negative impacts on biodiversity and ecosystem
functions (Grass et al., 2020; Qaim et al., 2020; Meijaard et al., 2020). Pathways for a more
sustainable future of oil palm cultivation are being discussed and tested, and may include
reduced application of agrochemicals, tree integration and maintaining understory vegetation
(Iddris et al., 2023; Zemp et al., 2023; Wenzel et al., 2024; Reiss-Woolever et al., 2023; Stone
et al., 2023). With regard to below-canopy temperatures, the transformation of forest to
monoculture oil palm plantations increased average daytime air temperatures by 2.3 °C
(Meijide et al., 2018). For a light-brown hijab, the average noon below-canopy surface
temperature increased by 4.0 °C from forest to oil palm (Pallavi et al., 2024). Canopy leaf area
index (LAI) was suggested as a key controlling factor; a decrease in LAI by one unit (m? leaf
area per m? ground area) increased surface temperatures of a hijab by 1.2 °C at noon (Pallavi

etal., 2024). It was suggested that strategies for mitigating such potentially adverse temperature
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effects may include the integration of more and densely foliated trees into oil palm cultivation,

e.g. by oil palm agroforestry.

Oil palms themselves are sometimes referred to as (palm) trees. However, they lack secondary
growth and are therefore not considered trees in a stricter botanical sense (Shugart et al., 2022),
which is the tree definition we use in our study. Tree integration in the context of our study
comprises both trees originating from planting and from natural recruitment. Generally,
management in oil palm plantation suppresses any natural regeneration by herbicide
application and/or manual weeding. This might contribute to the high temperatures below oil
palm canopies. At global scale, most oil palm cultivation is carried out in monoculture
plantations. However, trees often occur scattered in these monoculture landscapes (Teuscher et
al., 2015; Korol et al., 2021). One study from lowland Sumatra (Indonesia) reports that these
scattered trees typically occur at modest abundances, are mostly small-statured, most likely
young, and are derived from natural recruitment or planting along roads (Korol et al., 2021).
In contrast to agroforestry systems, they are not an integral part of the cultivation system. In
oil palm agroforestry, the palms produce the agricultural crop while the trees constitute the
spatially integrated forestry component, which may serve multiple wood and non-wood
purposes (Budiadi et al., 2019; Khatun et al., 2020). However, only in the region of oil palm’s
origin in West Africa can oil palm agroforestry be seen at scale (Khatun et al., 2020; Pashkevich
etal., 2024), with productions systems fundamentally differing from the industrial monoculture
approach of oil palm cultivation in most other regions of the world. More recently, different
types of oil palm agroforestry are being explored in the Amazon region of Brazil, resulting in
the achievement of physical capital and economic success at intermediate levels of living

standards for households (Braga et al., 2024).

In lowland Sumatra, a region which has undergone large-scale forest conversion to
monoculture oil palm cultivation (Margono et al., 2012; Austin et al., 2019), an experiment was
established in 2013 to alleviate potential negative effects on biodiversity and ecosystem
functions by integrating trees into oil palm plantations (Ecological and Socioeconomic
Functions of Tropical Lowland Rainforest Transformation Systems - Biodiversity Enrichment
Experiment (EFForTS-BEE); Teuscher et al., 2016). The experimental treatments comprise
initial planted tree diversity and island area. Planted tree diversity varies between 0 (no planting
but allowed for natural regeneration) and 6 species, and the area of tree (agroforestry) islands

varies between 25 m? and 1600 m?. Natural tree recruitment is allowed. There are also four
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control plots with oil palm cultivation as usual (Teuscher et al., 2016). The treatment tree
diversity was motivated by the often observed positive effects of tree diversity on ecosystem
functions and associated biodiversity (Paquette et al., 2018; Zheng et al., 2024). Enhancing
diversity is also postulated as a nature-based solution to the climate crisis (Depauw et al., 2024;
Key et al., 2022; Schnabel et al., 2024). The treatment island area was motivated by the theory
of island biogeography (MacArthur and Wilson, 1967), which states that bigger islands harbor
more species. This theory plays a prominent role in understanding biodiversity patterns in
nature conservation (Schrader et al., 2024; Givnish, 2024). Results from EFForTS-BEE so far
suggest that the tree islands amidst a sea of oil palms considerably enhance multidiversity and
multifunctionality (Zemp et al., 2023). The natural recruitment comprised 52 newly established
native woody species, and was promoted by both planted tree diversity and island area (Paterno
et al., 2024). Tree planting and natural recruitment enhanced stand structural complexity as
derived from terrestrial laser scanning (Zemp et al., 2019; Kikuchi et al., 2024). Structurally
complex plots were linked to lower mean and maximum ambient air temperature, and stand
structural complexity and tree island area regulate microclimate in EFForTS-BEE (Donfack et
al., 2021). Higher stand structural complexity reduces microclimatic temperature in temperate

forest (Ehbrecht et al., 2017).

Planted tree diversity promotes tree growth and enhances understory vegetation complexity;
creating multi-layered green canopies that provide enhanced canopy cover and transpirational
cooling services. This effect becomes more pronounced as the area increases. However, in oil
palm monoculture, understorey vegetation is usually cleared with herbicides and weeding,
which contributes to rising microclimatic temperatures. Consequently, oil palm plantations are
substantially hotter (2.8 °C) than forest (Luskin and Potts, 2011). Overall, tree integration did
not impair oil palm yields (Gérard et al., 2017; Zemp et al., 2023). All this points to a large
potential of tree integration in oil palm cultivation. However, a more comprehensive analysis
examining the effects of tree integration on key vegetation characteristics such as canopy LAI
and on below-canopy temperatures is still missing. Such an analysis should be referenced

against forests and conventional oil palm monocultures in the wider landscape.

In this study, we assessed canopy LAI and below-canopy temperatures of the air and of
different surfaces (ground, workers’ cap and hijab, black and white boards) across oil palm
agroforests nine years after tree planting. As a reference, we additionally used forest and

monoculture oil palm data from a landscape assessment (EFForTS-LA) in the same region
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(Pallavi et al., 2024). We hypothesized that H1) Tree integration into oil palm plantations
enhances LAI and thereby reduces below-canopy temperatures, H2) Below-canopy
temperatures decrease with increasing canopy LAI, stand structural complexity and observed
woody diversity, and H3) Planted tree diversity and island area increase LAI and reduce below-

canopy temperatures.

3.2 Methods

2.1. Study area

The study was conducted in the lowlands of Jambi Province, Sumatra, Indonesia. Average
annual air temperature in the region is 26.7 £ 0.2 °C (mean + SD), annual precipitation is 2,235
+ 385 mm (1991-2011; measured at Jambi Sultan Thaha airport, Drescher et al., 2016). The
dominant soil type is Acrisol (Allen et al., 2015). Over the past decades, the region has
witnessed significant land-use transformations, at least partly driven by large commercial
logging concessions and a transmigration scheme by the government to enhance economic
development in Sumatra. The once predominant lowland rainforests have been largely replaced
by rubber and oil palm plantations (Clough et al., 2016). Our study was conducted in the
framework of the EFForTS project (www.uni-goettingen.de/efforts; Drescher et al., 2016). We

used data from two different project activities, the EFForTS-BEE (Teuscher et al., 2016) and
the Landscape Assessment (EFForTS-LA; Pallavi et al., 2024).

3.2.2. Study design
3.2.2.1. Biodiversity enrichment experiment

EFForTS-BEE is located in the PT. Humusindo Makmur Sejati oil palm plantation (01.95° S
and 103.25° E, 47 + 11 m a.s.l.) near Bungku village in the lowlands of Jambi province, Sumatra
(Appendix, Fig. A3.1). It was established in December 2013 (Teuscher et al., 2016). Six native
tree species, Parkia speciosa Hassk, Archidendron jiringa (Jack) 1.C.Nielsen, Durio zibethinus
L., Peronema canescens Jack, Rubroshorea leprosula (Miq.) P.S.Ashton & J.Heck. and Dyera
polyphylla (Miq.) Steenis, were planted in 48 of the 56 study plots. The experiment was set in
a random partition design (Bell et al., 2009) comprising four partitions with varying plot area,
i.e. quadratic tree islands (25 m?, 100 m?, 400 m?, 1600 m?). Each partition is divided into five
blocks representing distinct tree diversity levels (0 = no tree planting, 1, 2, 3, and 6 planted
native tree species). Species diversity and species identity were varied across the plots. Within

each block, species are randomly selected from the species pool without replacement. This
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ensures that each species is chosen exactly once at each diversity level. Species compositions
are random but subject to the restriction that no repetitions occurred across all plots. Oil palms
were planted 6-12 years prior to the establishment of the experiment, on a 9.8 m triangular
grid. To enhance light availability for tree establishment, 40% of the oil palms were felled
before tree planting, except for the smallest plots where plots were fitted in-between palm rows
(Teuscher et al., 2016). In addition to the 48 plots with tree planting, four plots were treated
equally but no trees were planted. No agrochemicals such as fertilizers or pesticides have been
applied since the establishment of the experiment, but to improve establishment success,
fertilizers were applied once inside the planting hole prior to planting (see Teuscher et al., 2016
for detailed method). In 2020, the overall mean tree height of tree island (planted trees and
naturally established trees) was 8.8 £ 3.5 m (Mean + SD) (Montoya-Sanchez et al., 2024). The
experiment further comprises four control plots in the commercial oil palm plantation, where
no trees were planted and conventional management including the use of herbicides and

fertilizers was carried out. Our study was conducted in 2022, nine years after tree planting.

3.2.2.2. Landscape assessment

EFForTS-LA was established across 132 plots in lowland Sumatra, covering four land-use
types: forest, shrubland, rubber plantations and oil palm plantations. The plots in the landscape
assessment were circular (1000 m?) with five subplots (25 m?) (Pallavi et al., 2024). In the
present study, we use the forest (n = 30) and oil palm (n = 32) data for comparison to EFForTS-
BEE (Appendix, Fig. A3. 2). The forest plots encompassed secondary rainforest and degraded
primary rainforest stands with a minimum of 50% tree canopy cover above the lowest
vegetation layer. Plots located in the Bukit Duabelas National Park and the Harapan rainforest
showed less disturbance than forest plots outside these protected areas. The assessed oil palm
plantations were monoculture plantations located across smallholder farms and commercial
enterprises (Camarretta et al., 2021). The landscape assessment data already contributed to the
publication of Pallavi et al. (2024), which covered more land-use types but did not assess the
effects of the tree planting experiment. In the present study, the forest and oil palm data are

used as a reference for the tree integration experiment.
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3.2.3. Field measurements

3.2.3.1. Leaf area index (LAI)

We used a LAI-2200C Plant Canopy analyzer (LI-COR, Biosciences Inc., Lincoln, USA) to
measure canopy leaf area index (LAIL m? m). This instrument consists of two wands equipped
with optical sensors designed for radiation measurement, with one wand capturing above-
canopy radiation and the other one below-canopy radiation. Each measurement involves
assessing canopy light interception at five zenith angles from both above and below canopy
readings. The LAI values are subsequently computed by the software FV2200 (V2.1). We used
the 45° view restriction cap while taking readings. In our study, the above-canopy wand was
positioned in an open area adjacent to the study plot; on the plot, data collection was done at a
height of 1.3 m, both wands capture the data simultaneously. Multiple measurements were
obtained per plot (in BEE, the number of measurements varied from 1 to 3; one measurement
in 25 m? and 100 m? plots, two measurements in 400 m? plots and three measurements in 1600
m? plots) and averaged, measured as recommended in the early morning, between June 2021

and March 2022 (LA) and June 2022 and October 2022 (BEE).

3.2.3.2. Below-canopy surface temperature

We used a Fluke PTi120 9 Hz thermal camera (Fluke Corporation, WA, USA) with an infrared
resolution of 120 % 90 to measure below-canopy temperatures of different surfaces, i.e., the
ground surface a blue color workers’ cap and light brown color hijab (colors were chosen based
on the commonly used colors by farm workers in and around the field site) and a black and
white board. Cap and hijab were placed at 1.5 m height. Images were captured at a height of
2.5 m from the ground which is well within the margins of high accuracy measurements with
the device (until 3 m distance from the object) while capturing the maximum possible ground
area (2.30 m x 1.72 m). The distance between the camera and the ground, as well as black and
white board was 2.5 m, while for the cap and hijab, the distance was approximately 1 m. The
images were captured at 11:00 am, 12:00 pm, 1:00 pm, and 2:00 pm of the respective
measurement day. Each plot was visited once during the field campaign (LA: June 2021 to
March 2022; BEE: June to October 2022). Ground surface temperature measurements were
conducted at sub-plot level and then averaged for each plot. The other assessed surfaces were
placed well inside the plot in a given plot in the early mornings and left there undisturbed until

the final measurement at 2:00 pm. They were measured at plot level per time interval.
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Measurements were never conducted during or shortly after rainfall. The temperature data were

extracted from the thermal images using the Fluke Connect (V1.1.548.0) software.

3.2.3.3. Ambient air temperature and radiation

Ambient air temperature below the canopy was measured using a thermo-hygrometer (BCO06,
TROTEC, Germany) at a height of 1.3 m. Incoming solar radiation was measured using a
SpectraPen mini-PSI125168 (Photon System Instruments, Czech Republic), a compact and
portable spectroradiometer calibrated for visible light (see e.g. Niedermaier et al., 2020;
Wojciechowska et al., 2020). Simultaneous radiation measurements were taken both within the

plot (i.e. below the canopy) and in an adjacent open area.

3.2.3.4. Stand structural complexity index (SSCI)

Between December 2022 and January 2023, terrestrial laser scans were conducted in each plot
to capture the 3D distribution of foliage and woody components using a FARO Focus terrestrial
laser scanner (Faro Technologies Inc., Lake Mary, USA). The laser scanner was placed on a
tripod at a height of 1.3 m, and it was raised by up to 20 cm to position the instrument above
the understory vegetation if necessary. The instrument was set to scan with a field of view of
360° horizontally and 300° vertically, with a step width of 0.035° (Zemp et al., 2019). The
single laser scans, made at the center of each plot (Kikuchi et al., 2024), were then processed
and used to calculate the stand structural complexity index (SSCI) as described by Ehbrecht et
al. (2017).

3.2.3.5. Observed species diversity

In EFForTS-BEE, inventories are conducted biennially to record naturally recruiting woody
species and the total stem count, along with an inventory of the originally planted trees (Paterno
et al., 2024). In this study, we used the observed diversity (planted tree diversity plus naturally
recruited diversity) per plot recorded in 2022 (after nine years of establishment). A total of 79

species belonging to 35 families were recorded, accounting for 3,564 stems.

3.2.4. Statistical analysis

We employed Kruskal-Wallis with Dunn’s post hoc tests to examine significant differences of
LAI, below-canopy surface temperatures (ground, cap and hijab, black and white board), and
ambient air temperature across the studied plots in EFForTS-LA and EFForTS-BEE. We

further calculated mean and standard deviation for each land-use type.
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To predict below-canopy surface temperatures, we first employed a linear mixed-effects model
utilizing the R package lme4 (v1.1.33; Bates et al., 2015), with the fixed variables LAI, solar
irradiance, SSCI, observed diversity and time of day; plot ID entered as a random factor.
Continuous variables were standardized using the scale function, resulting in a mean of zero
and a standard deviation of one. This standardization allows for easier comparison of effect
sizes among variables. We performed stepwise selection (using the function dredge in the R
package MuMIn version 1.48.4, Barton, 2024) to select the best-performing model according
to their AIC values.

We used linear regression analysis to study the relationship between different surface
temperatures and LAI in EFForTS-BEE. In line with the EFForTS-BEE study design, we
further applied a random partition analysis (Bell et al. 2009) to examine effects of island area
and planted diversity on LAI and on below-canopy temperatures. All analyses and

visualizations were performed with R statistical software (v4.3.0; R core team, 2023).

3.3 Results
3.3.1 Leaf area index (LAI)

There was a significant difference in LAI among the land-use types (Kruskal-Wallis > =
197.87, df=4, p < 0.05). The LAI in the oil palm control plots of EFForTS-BEE (2.9 + 0.3 m?
m2, mean + SD, n = 4) was statistically indistinguishable from the LAI of oil palm plantations
in EFForTS-LA (2.9 £ 0.9 m?> m?, n = 30) (Fig. 1). LAI in plots without tree planting (n = 4)
and with tree planting (n = 48) did not differ significantly; in plots with tree planting it ranged
from 1.7 to 5.6 m*> m2 and had a mean of 3.7 m> m2 (SD =+ 1.0), which was significantly higher

than in monoculture oil palm but lower than in forest plots (5.9 £+ 0.6 m? m?).

3.3.2 Below-canopy temperatures

Below-canopy ground surface temperature varied significantly among the land-use types
(Kruskal-Wallis ¢~ = 52.32, df=4, p < 0.05). The below-canopy ground surface temperature in
the oil palm control plots of the EFForTS-BEE (29.5 £ 1.6 °C, n =4) did not differ significantly
from to the below-canopy ground surface temperature of oil palms in the EFForTS-LA (30.1 £
3.0 °C, n = 32) (Fig. 2). Similarly, plots with no tree planting (n = 4) showed no significant
difference (29.3 + 1.6°C) compared to oil palm plots. Plots with tree planting (n = 48) had
significantly lower temperature (28.6 + 2.0 °C) than oil palm plantations but higher than forest
plots (27.2 = 1.2, n = 30).
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Fig. 3.1. Leaf area index (LAI) across plots in EFForTS-LA and EFForTS-BEE. Plots comprise
forest (F, n = 30) and conventional oil palm monocultures (O, n = 32) from the landscape
assessment, and in BEE oil palm control plots (O, n = 4), no tree planting with natural
recruitment plots (NP, n = 4) and tree planting with natural recruitment plots (TP, n = 48).
Different letters indicate significant differences at P < 0.05 (Kruskal-Wallis test with Dunn’s
post-hoc test). Red dots indicate mean values.

Worker cap and hijab surface temperature differed significantly among the land-use types
(Kruskal-Wallis ¢~ = 85.53, df=4, p <0.05 and y~ = 68.63, df =4, p <0.05 respectively). Worker
cap surface temperatures in tree planting plots (32.30 £4.5 °C) were similar to oil palm (32.47
+ 2.7 °C) but significantly higher than in forest (28.74 + 1.5°C). Hijab surface temperature in
tree planting plots (30.6 £+ 2.6 “C) were significantly lower than oil palm (32.0 + 3.7 °C) and
higher than in forest (28.5 £ 41.5 °C). Similar trends were observed for the white and black
reference board. Below-canopy air temperature did not differ significantly among experimental

plots with or without tree planting and oil palm monocultures, but was significantly lower in

forest.

3.3.3 Predictors of below-canopy temperature

The below-canopy temperature measurements in the BEE were conducted under varying
environmental conditions, with open-area solar irradiance at the time of measurement ranging
from 30 W m~2to 658 W m? (mean: 314 W m2; SD: 167 W m?). We thus applied linear mixed-
effect models to the data from the 52 experimental BEE plots (No planting and Tree planting
plots), with the predictor variables solar irradiance and time of day and the vegetation
characteristics LAI, stand structural complexity (SSCI) and observed tree species diversity.
Here, the models with ground surface temperature as the response variable are presented.

Among 64 models (Appendix, Table A3.1), we selected the best supported one (Model 36),
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with the lowest AIC (763.0) and BIC (789.5). This model included the variables LAI, open-
area irradiance and time of day. The model had a conditional R? of 0.60 and a marginal R? of
0.30 (Table 1). The standardized model coefficient (Table 2) revealed a strong negative effect
of LAI on below-canopy ground surface temperature (B =-0.64, CI: -1.00 - -0.27), and a strong
positive effect of solar irradiance (B = 0.59, CI: 0.36 - 0.82). Time of day also had a positive
effect, with significantly increased temperatures at 1:00 pm (B =0.77, CI: 0.29 - 1.24) and 2:00
pm (= 0.83, CI: 0.35 - 1.32) compared to (pre-) noon measurements. SSCI and observed tree
diversity had a small negative effect on below-canopy ground surface temperature ( = -0.08,
CI: -0.51 - 0.34 and B = -0.68, CI: -1.53 — 0.17 respectively) which was not statistically
significant. Island area was not statistically significant either (Appendix, Table A3.2) and was
thus not retained in the best model. The random factor (plot) accounted for 30% of the variation

in below-canopy ground surface temperature (Table 2).

In a linear regression analysis, below-canopy temperatures of the ground significantly
increased with decreasing LAI (R*=0.15, P <0.05, Fig. 3.3). The slope of the regression line
was 0.9, indicating that a decrease in LAI by one unit on average corresponds to a 0.90 °C
increase (CI: 1.20 - 0.61 °C) in ground surface temperature. For the workers’ cap and hijab, a
one unit decrease of LAI corresponds to temperature increases of 1.22 °C (CI: 1.92 - 0.53 °C)
and 0.76 °C (CI: 1.17 - 0.35 °C), respectively. Similarly, a unit decrease in LAI corresponded
to respective 0.72 °C (CI: 1.04 - 0.41 °C) and 1.20 °C (CI: 1.84 - 0.56 °C) increases in white
board and black board surface temperature. Ambient air temperature below the canopy
increased by 0.62 °C (CI: 0.84 - 0.41 °C) for every unit decrease in LAI (Fig. 3.3, Appendix,
Table A3.3). All models were significant (P < 0.05), but the explained variance was small for
all six below-canopy temperature variables (R? = 0.15 (ground), 0.05 (cap), 0.06 (hijab), 0.08
(white board), 0.06 (black board), and 0.13 (air)). Below-canopy temperatures also increased
with decreasing SSCI, but again the explained variance by the model was small (R>= 0.04).
The observed tree diversity (planted trees and natural woody recruitment) did not show

significant effects on below-canopy surface temperatures.
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Fig. 3.2. Below-canopy temperatures across plots in the wider landscape (EFForTS-LA) and
in the biodiversity enrichment experiment (EFForTS-BEE). Below-canopy temperatures of
different surfaces (ground, workers’ cap and hijab, reference black and white board) and of the
air are presented. Plots comprise forest (F, n = 30) and conventional oil palm monocultures (O,
n = 32) from the landscape assessment, and in BEE oil palm control plots (O, n = 4), no tree
planting with natural recruitment plots (NP, n = 4) and tree planting with natural recruitment
plots (TP, n = 48). Different letters indicate significant differences at p < 0.05 (Kruskal-Wallis
test with Dunn’s post-hoc test). Red dots indicate mean values.
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Table 3.1 Performance of linear mixed-effect models for the target variable below-canopy
ground surface temperature (n = 52). Model performance is evaluated in terms of Akaike
information criterion (AIC), Bayesian information criterion (BIC), conditional and marginal
coefficient of determination (R?) and root mean square error (RMSE) for the null model (no
fixed factor), the full model (all fixed factors) and the best model (based on model
performance). Model selection was by stepwise selection using the R function ‘dredge’. All
continuous variables were scaled. BCGST: below-canopy ground surface temperature, LAI:
leaf area index, IRR: irradiance, SSCI: stand structural complexity index.

Model type Variables Model performance
AIC BIC R? R? RMSE
(cond.) (marg.)
Best BCGST ~LAI +IRR + Time 763.0  789.5 0.62 0.25 1.077
+ (1[Plot)
Full BCGST ~ LAl +IRR +Time  768.8  812.0 0.63 0.28 1.073

+ SSCI + Observed diversity
+ Island area (1|Plot)

Null BCGST ~ 1 + (1|Plot) 7947  804.7 0.54 0.00 1.185

3.3.4 Effects of planted tree diversity and island area

In EFForTS-BEE, planted tree diversity and island area are the initial experimental treatments.
The random partition design allowed for testing their effects on LAI and below-canopy
temperatures (No planting plus Tree planting; n = 52). For LAI the random partition ANOVA
showed no significant effects of planted species richness, species identity or species interaction,
but a marginally significant effect of island area on LAI (P = 0.056). The effect was positive,
1.e. larger tree islands tend to have higher LAI (Appendix, Table A3.4). For all six below-
canopy temperature variables, there were no significant effects of planted species richness or
island area. For the workers’ cap surface temperature, there was a marginally significant effect
of species identity (P = 0.052), and for the hijab surface temperature there were marginally
significant effects of species identity (P = 0.071) and species interaction (P = 0.087).
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Table 2. Model estimates and statistics of the best performing linear mixed-effect model for
the target variable below-canopy ground surface temperature. Leaf area index (LAI), solar
irradiance (IRR) and time of day are the fixed factors, plot is the random factor. All continuous
variables were scaled. Estimates are provided with standard errors (SE), 95% confidence
intervals (CI) and significance level (P). A version of the model with stand structural
complexity index (SSCI) and observed diversity as additional (but non-significant) predictors
can be found in Appendix, Table A3.1.

Below-canopy ground surface temperature ("C)

Predictors Estimates SE Cl P
(Intercept) 28.24 0.24 27.77 - 28.71 <0.001
LAI -0.64 0.19 -1.00 - -0.27 0.001
IRR (Open area) 0.59 0.12 0.36 - 0.82 <0.001
Time 12.00 pm 0.22 0.24 -0.26 - 0.70 0.376
Time 1.00 pm 0.77 0.24 0.29-1.24 0.002
Time 2.00 pm 0.83 0.25 0.35-1.32 0.001
Random Effects

o’ 1.49

too 1.40

ICC 0.48

N 52

Observations 205

Marginal R?/Conditional 0.3/0.6

RZ

3.4 Discussion

Tree integration into conventional monoculture oil palm cultivation increased LAI and reduced
below-canopy temperatures. The results point to LAI as a key predictor of below-canopy
surface temperatures among vegetation characteristics. Other factors such as observed tree
diversity, stand structural complexity or planted tree diversity and tree island area were less

important.

3.4.1 HI: Tree integration into oil palm cultivation enhances LAI and reduces below-canopy
temperatures

The LAI of tree island with tree planting and natural recruitment (3.7 m?> m2+ 0.8 SD) was
higher than that of oil palm monocultures (2.9 = 0.3) but smaller than that of forests (5.93 +
0.6). Other studies from tropical forests reported mean LAIs between 5.07 and 5.5 m? m™
(Malhado et al., 2009; Olivas et al., 2013). Our observed LAI in plots with tree planting aligns
with LAI values observed in other agroforestry systems (1-5.3 m?) in tropical landscapes
(Khairiah et al., 2017; Mendes dos Santos et al., 2020). It is at the lower range of values for

young secondary forests (45 m?), as e.g. recovering after shifting cultivation (Holscher et al.,
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2005; Aragao et al., 2005). This indicates that there might still be potential for further
enhancement of LAI by tree growth and forest recovery. Reasons for the relatively modest LAI
nine years after tree planting may include the relatively high share and canopy cover of oil
palms on the plots (Khokthong et al., 2019) and the high mortality of some planted species
(Rubroshorea leprosula, Durio zibethinus). Further, there was a relatively low share of forests
and trees in the landscape surrounding the plots that could have served as seed sources (Korol
et al., 2021; Paterno et al., 2024), as well as high land-use intensity prior to the establishment

of the experiment, e.g. compared to shifting cultivation.
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Fig. 3.3 Relationship between leaf area index (LAI) and different below-canopy temperatures
in the tree enrichment experiment (n = 52). Linear regressions show the association between
LAI and temperatures measured on different surfaces: ground, workers' cap, hijab, whiteboard,
blackboard, and ambient air below the canopy. Green dots represent plots with tree planting (n
= 48), while red dots indicate plots without tree planting (n = 4). Data are pooled across
measurement times (11:00 AM, 12:00 PM, 1:00 PM, and 2:00 PM).

The ground surface around noon was 1.5 + 0.6 °C cooler in tree islands than in oil palm
monocultures, but higher than in forests. Similar trends were observed for other measured
surfaces (hijab, cap, white and black board). Our results are supported by studies that showed
air and surface temperature beneath the canopy in forest are cooler than oil palm (Hardwick et

al., 2015; Meijide et al., 2018; Pallavi et al., 2024). We found that air temperature in tree islands
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1s 0.3 £0.1 °C lower than in oil palm. In a previous study, five years after tree planting, ambient
air temperature and land surface temperatures in EFForTS-BEE were not clearly different
between mixed-species plantations and natural regeneration (Donfack et al., 2021), but were
generally higher in natural regeneration compared to in oil palm monocultures. Despite
differences in methods (temporal and spatial replications) this points to an increased cooling
effect over time via successional advancement of the vegetation. The findings suggest that tree
integration buffers temperatures, which is in line with the observation that forests buffer
temperature extremes (De Lombaerde et al., 2022). Overall, the results support our hypothesis
HI, i.e. that tree integration into oil palm cultivation enhances LAI and reduces below-canopy

temperatures.

3.4.2 H2: Below-canopy temperatures decrease with increasing canopy LAI, stand structural
complexity and observed woody plant diversity

Our best mixed effect model for the response variable below-canopy ground surface
temperature explained a substantial amount of variation, with a conditional R? of 0.6 and a
marginal R? of 0.3. It included the predictor variables LAI, open-area irradiance and time of
day. Below-canopy ground temperature decreased with increasing LAI, increased with
increasing irradiance, and increased from 11 am towards 2 pm. Under such ambient conditions,
more energy is available by solar irradiance and preceding warming of the ground increases
ground temperature. Since increasing LAI means that the ground area is increasingly covered
by several leaf layers, such a relationship is expected and confirms former observations (Pallavi
et al., 2024). Looking at the key predictor in the final model, LAI, our study shows a one unit
increase in LAI corresponding to a 0.9 °C (CI 1.20 — 0.61) decrease in below-canopy ground
surface temperature, which is consistent (0.95 °C) with the findings by Pallavi et al. (2024). A
stand structural complexity index (SSCI) and the observed tree diversity were not statistically
significant and thus not retained in the best model. This partially stands in contrast to previous
studies. As such, in temperate European forest Ehbrecht et al. (2017) found that SSCI
significantly influenced daily fluctuations in below-canopy air temperatures, with lower
temperatures around noon at high SCCI. Also in our study, SSCI was related to below-canopy
temperatures in a simple linear regression. However, it was not selected into the best mixed-
effect model because LAI is another, yet more powerful predictor among vegetation
characteristics; the two variables are correlated and to some extent probably explain part of the
same variation (Spearman’s R = 0.24). Regarding tree diversity, a comprehensive analysis

across TreeDivNet plots by Schnabel et al. (2024) found that increasing tree diversity reduced
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soil temperatures. The buffering effect of tree diversity, however, was mediated through canopy
density and structural diversity, as measured by LAI and SSCI (Schnabel et al., 2023). In our
study, LAI was part of the final model and probably already incorporated effects of structural
diversity and tree diversity, which were both removed from the final model due to their
statistical insignificance. Furthermore, the woody species richness (n = 79 spp., unpublished
data from EFForTS 2022 inventory) and observed diversity per plot in EFForTS-BEE is
relatively high and higher than in most tree diversity experiments, as the planted diversity is
substantially increased by the allowed recruited diversity. Changes at such high levels of
diversity may have only minor effects, suggesting an effect of diminishing returns. We
conclude that our hypothesis H2 is partly supported with respect to LAI, but rejected with

regard to SSCI and observed tree diversity.

3.4.3 H3: Planted tree diversity and island area increase LAl and reduce below-canopy
temperatures

The direct treatments in EFForTS-BEE were planted tree diversity and island area, which are
motivated by positive biodiversity-ecosystem function relationships (Tilman et al., 2014;
Zheng et al., 2024) and the theory of island biogeography (MacArthur and Wilson, 1967;
Schrader et al., 2024). In a random partition analysis, we found no effect of planted tree
diversity on LAI or below-canopy surface temperatures. There was a marginally significant
effect of island area (P = 0.056) for LAI and no significant effect for below-canopy surface
temperatures. As discussed before, this contrasts with the recent finding that tree species
diversity increases temperature buffering below the canopy and prevents soil heating in hot
weather (Schnabel et al., 2023; Huang et al., 2024). Both planted tree diversity and island area
were significant predictors of the recruitment of woody species in EFForTS-BEE, with a larger
weight of island area (Paterno et al., 2024). The marginally significant effects of island area on

LAI could be in line with this finding. However, overall, hypothesis H3 is rejected.

3.4.4 Considerations for a healthier rural thermal environment

We found that integrating trees into oil palm cultivation enhances LAI and reduces below-
canopy surface temperatures. The reduction of 1.5 °C around noon seems modest in view of
the increasing heat stress imposed on nature and humans, given the steep increase in global
temperatures and the additional direct effects of land-use change on below-canopy surfaces.
However, for nature and people exposed to tropical heat and its adverse effects on health, tree

integration appears as a potential way to mitigate such effects. It is thus far more acknowledged
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in urban environments but should also get more attention in rural areas (Chandrashekhar, 2023;
Lietal., 2024; Wolff et al., 2018). Rising heat is expected to surpass pollution as a major health
burden including mortality by the end of this century, as indicated in a recent modelling study
(Pozzer et al., 2024). The adverse effects of deforestation on below-canopy temperatures and
human heat stress are reversible to their original state after restoration, without permanently
altering the system’s ability to regulate temperature. Our study does not indicate a specific
effect of tree diversity at high levels, but since positive effects of tree diversity are widespread,
e.g. for early tree survival or natural regeneration (Blondeel et al., 2024; Paterno et al. 2024)
and general biodiversity and ecosystem functions (Zemp et al. 2023; Messier et al., 2022), we
would maintain the suggestion of developing diverse tree communities. In this context, tree
planting combined with natural regeneration was more effective than natural regeneration
alone, thus calling for active tree planting. The areas should not be too small, as suggested by
the marginally significant results on island area. Thus, in addition to well-known effects of tree

planting on biodiversity and ecosystem functions, it also has positive effect on human health.
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4.1 Overview

Global south experiencing continuous transformation of remaining tropical forest into
agricultural monoculture. Particularly in Indonesia, conversion of rainforest into oil palm
monoculture plantations are continuous from decades. The knowledge about this conversion
linked temperature changes are limited, specifically below canopy surface temperature
(microclimatic surface temperature) and a practicable restoration approach to buffer the rising
temperature in oil palm plantation. This work intends acquire thus far limited knowledge on
effect of forest transformation into monoculture on below-canopy surface temperature (Chapter
1). Four land use types in lowland Sumatra, Indonesia — forest, shrubland, rubber and oil palm
were compared regarding their canopy leaf area index and below-canopy surface temperature
for different surfaces. The results are elaborately discussed (chapter 2). Restoring the habitat
and ecosystem functions in monoculture plantations generally focused on biodiversity
enrichment, however the crucial role of tree integration in monoculture plantation in curbing
the below-canopy surface temperature is largely unknown. Our work investigated the effects
of tree integration in conventional oil palm monoculture and results are explicitly discussed

(chapter 3).
4.2 Forest conversion to monocultures alters LAI and below-canopy surface temperatures

As a first step (chapter 2), leaf area index (LAI), solar irradiance (IRR) and below-canopy
surface temperatures were measured in four land-use types (i.e., forest, shrubland, rubber and
oil palm) across 132 study plots located in a dynamic and mosaic landscape of lowland
Sumatra. Below-canopy thermal conditions are often unstudied (Cheung et al., 2021). Tree
covered area usually provide cooling effect than the open area. A study by Su et al., (2023)
found that in many forests, the cooling effect from increased evapotranspiration due to tree
cover is more significant than the warming caused by the loss of tree cover. However, the
knowledge gap still exists to understand the influence of canopy leaf area index on below-
canopy surface temperature under present meteorological conditions in mosaic landscape. Our
study revealed the LAI is significantly reduced over land-use trajectory from forest to
shrubland to rubber and oil palm. The LAI value within the forest plots not varied largely but
shrubland, rubber and oil palm plantation showed large variation within types (Chapter 2). In
rubber and oil palm monoculture the canopy LAI largely depends on age of the plantations and

management practice followed (spacing, fertilizer application, plant selection, etc.). Though,
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rubber trees have synchronous phenological (Azizan et al., 2023) leaf shedding behavior, this
behavior is seen asynchronous and sheds partial leaves in Indonesian landscape (Niu et al.,

2017). This could be one of the reliable reasons for variation in LAI

Whereas the shrubland is heterogenous in nature, it includes shrub-dominated fallow areas in
the process of transitioning to secondary forest or being cleared for plantation development,
featuring up to 50% tree canopy closure above the lower vegetation layer, often characterized
by relatively small-statured trees. In the current study, LAI emerged as most important variable
to predict below-canopy surface temperature. Study showed that land-use type as a factor did
not have significant effect on below-canopy surface temperature that means land-use type itself
did not emerge as a predictor to predict surface temperature. It opens up a discussion on any

land-use type is potential to reduce the temperature by increasing the LAI.

Forest transformation to plantations increases hijab surface temperature

Hijab
surface temperature change

Fig. 4.1. Graphical abstract indicates conversion of forest into oil palm monoculture increased
the hijab surface temperature by 4 °C.

4.3 Tree integration to reduce rising microclimatic temperatures

Considering the ongoing global ecological crisis, land use and ecosystem functions have
become a major topic in restoration and landscape planning (Santos et al., 2022). Agroforestry
system is majorly debated and discussed approach to enhance the tree cover and to restore the
biodiversity along with conventional forest conservation. However, there is still lack of
knowledge to successfully manage agroforestry in perineal cash crops without compromising
the yield. EFForTS-BEE (Biodiversity enrichment experiment), one of the few existing tree

integration experiments provided an opportunity to study effect of tree planting on biodiversity
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and ecosystem functions. As a result, multidiversity increased to 250% (across 10 biodiversity
indicators) and multifunctionality increased to 75 % (across 19 indicators of ecosystem
function) while reporting no yield reductions at landscape level (Zemp et al., 2023). Thus,
pointing to large potential of tree integration in oil palm plantations. However, a thorough
analysis of LAI and below-canopy surface temperatures had not yet been conducted. The
current study evaluated canopy LAI and below-canopy temperatures across various surfaces
(ground, workers' caps and hijabs, reference boards) as well as air temperature within the 56
fixed experimental plots of EFForTS-BEE, additionally incorporated data from a large-scale
landscape assessment in the same region (chapter 3). The study revealed that tree integration
into oil palm increased LAI and reduced below-canopy surface temperatures. A study by Su et
al., (2023) found that achieving the goal of no biophysical warming from tree cover changes is
possible by restoring a fraction of previously lost tree cover areas. The warming caused by tree
cover loss is smaller in magnitude than the cooling effect from tree cover restoration.
Overlooking this asymmetric temperature response to fine-scale changes in tree cover ignores
the continued impact of biophysical feedbacks on surface temperatures, even under the net-
zero cover change. In this direction, tree integration into monoculture plantation has great
potential in restoring the impaired ecosystem function and multifunctionality along with tree
cover gain. The hysteresis of warming and cooling by monoculture plantation and tree

integration will be the future way.

The success of tree planting effort is more when right species are selected. In this study, planted
tree species diversity did not show combined effect on LAI (p > 0.05) or below-canopy
temperatures (p > 0.05). However, Sungkai significantly influenced ground surface
temperature (p = 0.01), and Jelutung had a significant effect on both cap surface temperature
(p = 0.02) and hijab surface temperature (p = 0.02). Species were chosen based on their
intended use, such as for fruit production or timber. Species selection is generally influenced
by the preferences of landowners. A consistently cooler microclimate is more likely when

selected species are evergreen and have denser canopies.
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Fig. 4.2. Graphical representation of tree integration in oil palm plantation enhances LAI and
reduces below-canopy surface temperatures

4.4 Jungle rubber/rubber agroforestry in the landscape

Rubber is traditionally grown along with forest trees or in forests in many tropical countries,
Indonesia is not an exception (Cahyo et al., 2024). Rubber agroforestry has primarily been
practiced before the commercialization of the crop through monocropping (Penot and Ilahang,
2021). In Indonesia, smallholder farmers continue to practice this traditional method, which is
often called "jungle rubber." In our landscape assessment study, although we included jungle
rubber (n = 4) and conventional rubber monoculture (n = 25), we did not separately analyze
their effects on LAI and below-canopy surface temperature. However, now we explicitly
investigated the jungle rubber and rubber monoculture plots. The average LAI in jungle rubber
is 4.5 = 0.54 whereas it is 2.28 £ 0.75 in monoculture rubber. Below-canopy ground surface
temperature decreases by 1.99 °C from monoculture rubber (30.52 + 2.62) to jungle rubber
(28.53 + 1.50). Other surfaces, such as caps and hijabs, are 4.42 °C and 3.54 °C cooler in jungle
rubber compared to rubber monoculture. Similarly, the air temperature below jungle rubber

canopy (30.48 £ 1.07) is 2.03 °C cooler than in rubber monoculture (32.51 + 1.70).
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Fig. 4.3. Leaf area index (LAI) across plots in the jungle rubber (n=4) and in the commercial
rubber monoculture (n=25). Different letters indicate significant differences at p < 0.05
(Kruskal-Wallis test with Dunn’s post-hoc test). Red dots indicate mean values.
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Fig. 4.4. Below-canopy temperatures for different surfaces (ground, cap, and hijab) and
ambient air across plots in the jungle rubber (n=4) and in the commercial rubber monoculture
(n=25). Data is pooled across measurement times (11:00 AM, 12:00 PM, 1:00 PM, and 2:00
PM). Different letters indicate significant differences at p < 0.05 (Kruskal-Wallis test with
Dunn’s post-hoc test). Red dots indicate mean values.
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4.5 Land-use trajectories and below-canopy surface temperature dynamics at the landscape
scale

Over the decades, land-use transitions from forests to monoculture plantations in lowland
Sumatra have significantly impacted biodiversity and ecosystem functions. This study
synthesizes knowledge about the extent of changes in below-canopy surface temperatures
across existing land-use trajectories at the landscape level. Below-canopy surface temperatures
increased from forests to rubber and oil palm plantations. The extent of temperature change
from forests to shrubland and jungle rubber was relatively lower than in rubber and oil palm
plantations. Interestingly, the study found that below-canopy surface temperatures in jungle
rubber were identical to those in tree-integrated oil palm plantations. This finding highlights
the potential of integrating trees into rubber plantations to mitigate below-canopy surface
temperature increases. However, the landscape remains highly dynamic, with possible

multidirectional transformations (Fig. 4.5).

Existing transitions

Oil palm
g (33.4°C)

* Posiible transitions

Rubber
(30.5 °C)

Average below-canopy ground surface temperatures (°C)

Land-use trajectories over the decades

Fig. 4.5. Schematic representation of land-use trajectories at landscape level in the lowland
Sumatra. Position of the different land-use types on the y-axis indicates respective below-
canopy ground surface temperatures. Solid dark-blue arrows show transitions that already been
seen and also ongoing in the landscape. The light-blue dotted arrows indicate a possible
transition. Tree integration into oil palm (upper right circle) are a special landscape element
established within oil palm monoculture.
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The management and rubber harvesting practices in smallholder plantations are largely
influenced by the market value of rubber. When market prices decline, smallholders often
abandon management activities, particularly weed control, due to low or non-existent profits
during these periods. As a result, these neglected rubber plantations partially resemble jungle
rubber. This represents a possible transition from rubber to jungle rubber, although this is not

always the case.

4.6 Effect of temperature on farm workers in a dynamic landscape

In the tropics, millions of people work outdoors throughout the year. Exposure to rising
temperatures caused by climate change and global warming is inevitable. Prolonged heat
exposure leads to numerous health issues, reduced work efficiency, and shorter working hours
(Wolff et al., 2018; Chandrashekhar, 2023; Sahu et al., 2013). At a global scale, the effects of
heat stress on human health have been extensively studied in urban areas. However, in rural
tropical regions, millions of people are engaged in agriculture or plantation work, where the
working environment is often more severe. Furthermore, global disparities—particularly in the
Global South—persist in terms of climate-related incentives, infrastructure support, and work-
life flexibility. Despite this, the impact of climate change and land-use changes on farm workers
has largely been overlooked. We recommend more research to better understand the challenges

of rural life in the context of ongoing climate change.

4.7 Limitation of the study

Despite the good results presented, our study has a few limitations that could add more strength
to the results and discussions. By selecting a highly heterogeneous variable, temperature, which
is often affected by several factors, we focused on measuring only a few variables, namely,
LAI (a vegetation index), SSCI, observed diversity and IRR (a meteorological factor), as

explanatory variables to explain the hypothesis.

We collected data from 132 plots for the landscape assessment and 56 plots for the biodiversity
enrichment experiment, providing a high level of spatial replication to ensure robust data
collection. However, temporal replication considered in our study restricted to within a day per
plot, particularly for solar radiation and surface temperature measurements. Temperature and
radiation were recorded four times per day, with each plot visited only once during the data

collection period. Although repeated visits over several days would have improved the
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temporal resolution, this was not implemented. Data collection took place from June 2021 to
December 2022, but seasonal variability (wet and dry seasons) was not accounted for in the
analysis. Temperature, one of the most heterogeneous variables, is influenced by various
factors such as wind, humidity, solar radiation, cloud cover and precipitation, which are

dynamic in nature.

It was tedious to measure below-canopy surface temperatures since there is no established
method for doing so. Airborne and spaceborne tools currently do not measure below-canopy
surface temperatures. Therefore, we used a handheld thermal camera, the Fluke PTi120, which
is a compact pocket camera developed for industrial inspection. Despite the its beneficial
specifications, the temperature measurement accuracy above 0°C is = 2°C or £+ 2%. This
accuracy could result in overestimating or underestimating the actual surface temperature
below the canopy. Furthermore, the camera does not include GPS, and the images are not geo-
referenced. Georeferenced thermal images could provide more valuable information for
studying spatial variability, scaling up studies, or comparing with land surface temperatures

captured by airborne or spaceborne data.

The ground area covered by the image from a height of 2.5 m is 2.30 m x 1.72 m (3.96 m?),
which represents only a small portion of the subplot (25 m?). A larger area coverage would be
preferable. Additionally, there may be a shift in camera position and angle of capture since it is
handheld and not static, which could introduce possible errors due to operational shake.
Furthermore, we used a thermo-hygrometer (BC06, TROTEC, Germany) with an accuracy of
+1 °C for the measuring range of 0—40 °C. Although changes tend to be minimal under

microclimatic conditions, even slight variations in temperature could have a negative effect.

4.8 Management of tree integrated plots

After 9 years of tree planting treatments, despite the natural regeneration of 79 woody species
across the tree islands, species diversity did not strongly affect below-canopy surface
temperatures. A study by Paterno et al., (2024) also showed that lianas are growing in the tree-
planted islands; by nature, lianas climb over the trees and can strangle them, hampering tree
growth. Additionally, lianas will not grow as a canopy or enhance the leaf area index.
Therefore, cutting lianas could improve tree growth. Furthermore, exotic woody species may

compete with native species that regenerate naturally. Implementing the removal of exotic
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species as a management practice could be considered. Weed control would catalyst the native

tree species growth in early period.

4.9 Future outlook

Examining the leaf area index (LAI) and below-canopy surface temperature across a wider
landscape and experimental settings provides valuable insights into the impacts of rainforest
conversion to oil palm and rubber monocultures on LAI and temperature dynamics (Chapter
2). Furthermore, it highlights how these effects can be mitigated by integrating trees into oil
palm monocultures (Chapter 3). We were able to assess and discuss the relationship between
LAI and below-canopy surface temperature under current meteorological conditions in lowland
Sumatra. Additionally, we provided initial information on using thermography to estimate
below-canopy surface temperature. However, we only used a device that captures thermal
images of a smaller ground area. Future studies should aim to cover larger areas and include
temporal replications to better understand the dynamics of temperature. Further major step will
explore analyzing eddy covariance data alongside below-canopy surface temperature data to
estimate evapotranspiration at both the canopy level and beneath the canopy. This approach
aims to understand the variation of these measurements across the different layers of the forest,
thereby providing a more comprehensive understanding of water fluxes. Estimating
evapotranspiration at a regional scale will enhance our comprehension of water cycles and
energy balance within forest ecosystems, which is of paramount importance for climate
modeling and resource management. Other compelling area of investigation is the influence of
below-canopy surface temperatures on the diversity and functionality of flora and fauna, both
at the surface and within sub-surface ecosystems. Potential alterations to microhabitats,
stemming from changes in temperature beneath the canopy, could affect the growth,
distribution, and survival of various plant species. Furthermore, these temperature variations
might influence the behavior, abundance, and interactions of soil-dwelling organisms. Studying
these dynamics could offer valuable insights into broader ecological processes and the

resilience of these systems.

In the EFForTS BEE project, ecological restoration was the driving concept. The future
integration of trees into monocultures could become economically viable by selecting species
that yield both timber and non-timber products, coupled with appropriate silvicultural practices.

This approach would address both economic and ecological interests. The potential for tree
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integration is not limited to oil palm; it could also be explored in other palm species, such as
betel nut (Areca catechu), which is a major cash crop cultivated extensively in the Western

Ghats of India.

4.10 Reference

Azizan, F.A., Astuti, I.S., Young, A., Abdul Aziz, A., 2023. Rubber leaf fall phenomenon linked to
increased temperature. Agriculture, Ecosystems & Environment 352, 108531.
https://doi.org/10.1016/j.agee.2023.108531

Cahyo, A.N., Dong, Y., Taryono, Nugraha, Y., Junaidi, Sahuri, Penot, E., Hairmansis, A., Purwestri,
Y.A., Akbar, A., Asywadi, H., Ardika, R., Prasetyo, N.E., Agustina, D.S., Alam, T., Oktavia, F.,
Subandiyah, S., Montoro, P., 2024. Rubber-Based Agroforestry Systems Associated with Food
Crops: A Solution for Sustainable Rubber and Food Production? Agriculture 14, 1038.
https://doi.org/10.3390/agriculture 14071038

Chandrashekhar, \'A 2023. Heat-proofing India. Science 381, 1393-1397.
https://doi.org/10.1126/science.adl0416

Cheung, PK., Jim, C.Y., Hung, P.L., 2021. Preliminary study on the temperature relationship at
remotely-sensed tree canopy and below-canopy air and ground surface. Building and
Environment 204, 108169. https://doi.org/10.1016/j.buildenv.2021.108169

Niu, F., Roll, A., Meijide, A., Hendrayanto, Holscher, D., 2017. Rubber tree transpiration in the
lowlands of Sumatra. Ecohydrology 10, e1882. https://doi.org/10.1002/eco.1882

Paterno, G.B., Brambach, F., Guerrero-Ramirez, N., Zemp, D.C., Cantillo, A.F., Camarretta, N., Moura,
C.C.M.,, Gailing, O., Ballauff, J., Polle, A., Schlund, M., Erasmi, S., Iddris, N.A., Khokthong,
W., Sundawati, L., [rawan, B., Holscher, D., Kreft, H., 2024. Diverse and larger tree islands
promote native tree diversity in oil palm landscapes. Science 386, 795-802.
https://doi.org/10.1126/science.ado1629

Penot, E., Ilahang, 2021. Rubber Agroforestry Systems (RAS) in West Kalimantan, Indonesia: An
historical perspective. E3S Web Conf. 305, 02001.
https://doi.org/10.1051/e3sconf/202130502001

Sahu, S., Sett, M., Kjellstrom, T., 2013. Heat Exposure, Cardiovascular Stress and Work Productivity
in Rice Harvesters in India: Implications for a Climate Change Future. Ind Health 51, 424-431.
https://doi.org/10.2486/indhealth.2013-0006

Santos, M., Cajaiba, R.L., Bastos, R., Gonzalez, D., Petrescu Bakis, A.-L., Ferreira, D., Leote, P.,
Barreto da Silva, W., Cabral, J.A., Gongalves, B., Mosquera-Losada, M.R., 2022. Why Do
Agroforestry Systems Enhance Biodiversity? Evidence From Habitat Amount Hypothesis
Predictions. Front. Ecol. Evol. 9, 630151. https://doi.org/10.3389/fevo.2021.630151

Su, Y., Zhang, C., Ciais, P., Zeng, Z., Cescatti, A., Shang, J., Chen, J.M., Liu, J., Wang, Y.-P., Yuan, W.,
Peng, S., Lee, X., Zhu, Z., Fan, L., Liu, X., Liu, L., Lafortezza, R., Li, Y., Ren, J., Yang, X.,
Chen, X., 2023. Asymmetric influence of forest cover gain and loss on land surface
temperature. Nat. Clim. Chang. 13, 823—831. https://doi.org/10.1038/s41558-023-01757-7

Wolff, N.H., Masuda, Y.J., Meijaard, E., Wells, J.A., Game, E.T., 2018. Impacts of tropical deforestation
on local temperature and human well-being perceptions. Global Environmental Change 52,
181-189. https://doi.org/10.1016/j.gloenvcha.2018.07.004

Zemp, D.C., Guerrero-Ramirez, N., Brambach, F., Darras, K., Grass, ., Potapov, A., R6ll, A., Arimond,
1., Ballauff, J., Behling, H., Berkelmann, D., Biagioni, S., Buchori, D., Craven, D., Daniel, R.,

71



Chapter 4: Synthesis

Gailing, O., EllsaBer, F., Fardiansah, R., Hennings, N., Irawan, B., Khokthong, W., Krashevska,
V., Krause, A., Kiickes, J., Li, K., Lorenz, H., Maraun, M., Merk, M.S., Moura, C.C.M.,,
Mulyani, Y.A., Paterno, G.B., Pebrianti, H.D., Polle, A., Prameswari, D.A., Sachsenmaier, L.,
Scheu, S., Schneider, D., Setiajiati, F., Setyaningsih, C.A., Sundawati, L., Tscharntke, T.,
Wollni, M., Hélscher, D., Kreft, H., 2023. Tree islands enhance biodiversity and functioning in
oil palm landscapes. Nature 618, 316-321. https://doi.org/10.1038/s41586-023-06086-5

72



Appendix




Appendix

at

Fig. A2.2 Below-canopy ground surface of different land-use types
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Table A2.1 Below-canopy ground surface across the different land-use types. Means and
standard deviations (SD) are provided for each land-use type in the categories bare soil, green
vegetation and debris. The superscripted letters indicate significant differences (p < 0.05)
among land-use types as based on ANOVA with post-hoc test.

Below-canopy ground surface cover (%)

Bare soil Green Debris
vegetation
N Mean SD Mean SD Mean SD
Forest 30 2.2be 2.8 352°¢ 10.9 62.62 10.2
Shrubland 31 4.45b 8.5 324¢ 19.0 59.72  20.2
Rubber 31 1.3¢ 3.6 53.1¢% 194 45.6° 18.1
Oil palm 32 15.12 13.6 46.4 " 24.0 384¢ 203

Table A2.2 Outcome of simple linear regression model for the response variable below-canopy
ground surface temperature with the explanatory variable leaf area index (LAI)

Below-canopy ground surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 32.88 0.26 32.38 —33.39 <0.001
LAI -0.95 0.06 -1.07 —-0.83 <0.001
Observations 451

R? 0.4

Table A2.3 Outcome of simple linear regression model for the response variable cap surface
temperature with the explanatory variable leaf area index (LAI)

Cap surface temperature ("C)

Predictors Estimates SE CI P
(Intercept) 32.23 0.44 37.35-39.11 <0.001
LAI -1.58 0.10 -1.79 —-1.37 <0.001
Observations 451

R? 0.3
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Table A2.4 Outcome of simple linear regression model for the response variable hijab ground
surface temperature with the explanatory variable leaf area index (LAI)

Hijab surface temperature ("C)

Predictors Estimates SE CI P
(Intercept) 35.50 0.35 34.80 - 36.20 <0.001
LAI -1.15 0.08 -1.32--0.99 <0.001
Observations 451

R? 0.3

Table A2.5 Outcome of a linear mixed effect model for the response variable below-canopy
ground surface temperature with the fixed factors leaf area index (LAI), open-area irradiance

(IRR) and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.) and the random factor sub-plot.
The continuous variables are non-scaled.

Below-canopy ground surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 30.78 0.24 30.31-31.24 <0.001
LAI -0.89 0.05 -0.98 —-0.80 <0.001
IRR (Open area) 0.00 0.00 0.00 -0.00 <0.001
Time 12.00 hr. 0.85 0.10 0.66 —1.05 <0.001
Time 13.00 hr. 1.08 0.10 0.88 —1.27 <0.001
Time 14.00 hr. 0.98 0.11 0.76 —1.19 <0.001
Random Effects

o’ 2.73

too Subplot 3.49

ICC 0.56

N Subplot 620

Observations 2247

Marginal R?/Conditional R>  0.328/0.705
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Table A2.6 Outcome of a linear mixed effect model for the response variable below-canopy
ground surface temperature with the fixed factors leaf area index (LAI), open-area irradiance
(IRR) and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.) and the random factor plot. The
continuous variables are non-scaled.

Below-canopy ground surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 31.05 0.44 30.18-31.92 <0.001
LAI -0.94 0.09 -1.12--0.75 <0.001
IRR (Open area) 0.00 0.00 0.00 - 0.00 <0.001
Time 12.00 hr. 0.85 0.14 0.59-1.12 <0.001
Time 13.00 hr. 1.07 0.14 0.80—1.35 <0.001
Time 14.00 hr. 0.94 0.16 0.63-1.24 <0.001
Random Effects

o’ 1.07

too Subplot 2.78

ICC 0.72

N subplot 124

Observations 451

Marginal R?/Conditional R>  0.431/0.842

Table A2.7 Outcome of a linear mixed effect model for the response variable below-canopy
ground surface temperature with the fixed factors leaf area index (LAI), open-area irradiance
(IRR) and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.) and the random factor plot. The
continuous variables are scaled

Below-canopy ground surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 28.49 0.18 28.13 —28.84 <0.001
LAI -1.54 0.16 -1.85--1.24 <0.001
IRR (Open area) 0.57 0.07 0.43-0.72 <0.001
Time 12.00 hr. 0.85 0.14 0.59-1.12 <0.001
Time 13.00 hr. 1.07 0.14 0.80—1.35 <0.001
Time 14.00 hr. 0.94 0.16 0.63 -1.24 <0.001
Random Effects

6’ 1.07

too Subplot 2.78

ICC 0.72

N Subplot 124

Observations 451

Marginal R?/Conditional R>  0.431/0.842
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Table A2.8 Outcome of a linear mixed effect model for the response variable below-canopy
ground surface temperature with the fixed factors leaf area index (LAI), open-area irradiance
(IRR) and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.), land use and the random factor
subplot. The continuous variables are scaled.

Below-canopy ground surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 28.21 0.23 27.76 — 28.66 <0.001
LAI -1.44 0.12 -1.68 —-1.21 <0.001
IRR (Open area) 0.61 0.05 0.51-0.70 <0.001
Time 12.00 hr. 0.85 0.10 0.66 —1.05 <0.001
Time 13.00 hr. 1.08 0.10 0.88 —1.27 <0.001
Time 14.00 hr. 0.97 0.11 0.75-1.19 <0.001
Shrubland 0.19 0.26 -0.32-0.70 0.470
Rubber 0.44 0.32 -0.19-1.08 0.171
Oil palm 0.39 0.31 -0.22 - 1.01 0.210
Random Effects

o’ 2.73

too Subplot 3.48

ICC 0.56

N Subplot 620

Observations 2247

Marginal R?/Conditional R?>  0.329/0.705
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Table A2.9 Outcome of a linear mixed effect model for the response variable worker cap
surface temperature with the fixed factors leaf area index (LAI), open-area irradiance (IRR)
and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.) and the random factor sub-plot. The
continuous variables are scaled.

Worker cap surface temperature ("C)

Predictors Estimates SE CI P
(Intercept) 31.20 0.14 30.92—31.48 <0.001
LAI -2.34 0.11 -2.55--2.14 <0.001
IRR (Open area) 1.32 0.08 1.17 - 1.47 <0.001
Time 12.00 hr. 0.99 0.15 0.69 —1.29 <0.001
Time 13.00 hr. 1.46 0.16 1.15-1.76 <0.001
Time 14.00 hr. 1.14 0.17 0.80 —1.48 <0.001
Random Effects

o’ 6.75

too Subplot 5.15

ICC 0.43

N Subplot 620

Observations 2247

Marginal R?/Conditional R>  0.390/0.654

Table A2.10 Outcome of a linear mixed effect model for the response variable worker hijab
surface temperature with the fixed factors leaf area index (LAI), open-area irradiance (IRR)
and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.) and the random factor sub-plot. The
continuous variables are scaled.

Worker hijab surface temperature ("C)

Predictors Estimates SE CI P
(Intercept) 30.07 0.11 29.85—-30.30 <0.001
LAI -1.72 0.09 -1.89 —-1.55 <0.001
IRR (Open area) 0.97 0.06 0.86 —1.09 <0.001
Time 12.00 hr. 0.95 0.12 0.72-1.19 <0.001
Time 13.00 hr. 1.55 0.12 1.31 -1.78 <0.001
Time 14.00 hr. 1.39 0.13 1.12-1.65 <0.001
Random Effects

o’ 3.95

too Subplot 3.64

ICC 0.48

N Subplot 620

Observations 2247

Marginal R?/Conditional R>  0.356/0.665
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Table A2.11 Outcome of a linear mixed effect model for the response variable black board
surface temperature with the fixed factors leaf area index (LAI), open-area irradiance (IRR)
and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.) and the random factor sub-plot. The
continuous variables are scaled.

Black board surface temperature ("C)

Predictors Estimates SE CI P
(Intercept) 33.62 0.23 33.17-34.08 <0.001
LAI -3.79 0.16 -4.10 —-3.48 <0.001
IRR (Open area) 1.84 0.13 1.59 - 2.09 <0.001
Time 12.00 hr. 0.20 0.27 -0.33-0.74 <0.457
Time 13.00 hr. 0.80 0.28 0.26 —1.34 <0.004
Time 14.00 hr. -0.07 0.30 -0.67-0.53 <0.823
Random Effects

o’ 21.21

too Subplot 9.64

ICC 0.31

N Subplot 620

Observations 2247

Marginal R?/Conditional R>  0.376/0.571

Table A2.12 Outcome of a linear mixed effect model for the response variable white board
surface temperature with the fixed factors leaf area index (LAI), open-area irradiance (IRR)
and time of day (Time 11.00, 12.00, 13.00 and 14.00 hr.) and the random factor sub-plot. The
continuous variables are scaled.

White board surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 29.55 0.11 29.33—-29.77 <0.001
LAI -1.82 0.08 -1.98 —-1.66 <0.001
IRR (Open area) 0.97 0.06 0.85-1.08 <0.001
Time 12.00 hr. 1.02 0.12 0.78 - 1.26 <0.001
Time 13.00 hr. 0.91 0.12 0.67-1.16 <0.001
Time 14.00 hr. 0.66 0.14 0.39-0.93 <0.001
Random Effects

o’ 4.27

too Subplot 2.97

ICC 0.41

N subplot 620

Observations 2247

Marginal R?/Conditional R>  0.386/0.638
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Table A2.13. Difference between below-canopy air temperature and various surface
temperatures (air temperature — surface temperature), i.e. below-canopy ground surface
temperature, worker cap surface temperature, worker hijab surface temperature, whiteboard
surface temperature, and blackboard surface temperature. The depicted results are mean
differences and standard deviations (SD) at noon. The negative sign associated with mean
values indicates that surface temperature is higher than air temperature.

Difference in air to surface temperature ("C)

Ground Cap Hijab Whiteboard Blackboard
Mean SD Mean SD Mean SD Mean SD Mean SD
Forest 2.5 0.5 0.8 09 1.1 0.8 2.0 0.8 1.3 0.9

Shrubland 2.4 0.7 -1.6 4.9 -0.4 3.5 1.3 2.5 -2.0 7.1
Rubber 1.7 2.0 -1.4 34 0.6 2.2 0.2 3.1 -3.9 6.0
Oil palm 1.6 1.6 -1.9 4.4 -0.5 3.5 -0.6 4.8 -5.8 8.1
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Fig. A2.3 Relationship between leaf area index (LAI) and relative irradiance below-canopy. N
= 124 plots, each with four measurements the day (Time 11.00, 12.00, 13.00 and 14.00 hr.)
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Fig. A2.4 Relationship between LAI and temperatures of five different surfaces (ground, cap,
hijab, black and white board). The lines are derived from the 124 plots (N), each plot with four
measurements during the day (time 11:00 am, 12:00 pm, 1:00 pm, and 2:00 pm of the day),
observations include all four land-use types. But the individual observations not shown here.
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Fig. A2.5 Below-canopy surface temperature of different surfaces as measured at noon varied
within and among the studied land-use types. Different letters (on top of the box) indicate
significant differences (p < 0.05) among the surfaces within a given land-use type, as based on
ANOVA with Tukey’s HSD test.

81



Appendix

Planted diversity
(number of tree species)

EEEERNEO

0 1 2 3 6 Control

Island area:
edge length (m)

5 10 20 40

* Standing oil palm

@ Feled oil pam

Planted trees
.‘ Parkia speciosa, Dyera polyphylla,
0‘:, Fabacea Apocynaceae
Archidendron jiringa, Peronema canescens,
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Fig. A3.1 Experimental design that tests the ecological restoration outcomes of tree island

establishment in oil palm-dominated landscapes. Tree islands vary in area (25—1,600 m2) and
planted tree diversity (none to six species), with a total of 52 tree islands established in an
industrial oil palm plantation in Sumatra, Indonesia. Control plots represent conventionally
managed oil palm monocultures. Note that the islands in the map are not at scale. (Source:
Zemp et al., 2023).
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Fig. A3.2. Map of landscape assessment plots selected for current study in Jambi province,
Sumatra, Indonesia with the 62 study plots across the land-use types forest and oil palm
plantations. Each plot has 5 subplots of 5Sm X 5m area. Background map: Sentinel-2 cloudless

2021 by EXO from QGIS 3.28.
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Table A3.1 Mixed effect model selection following the stepwise selection to select best model
support by using the function dredge. Best fit models are ranked based on the selecting criteria
AIC and weights. Null model (model 33), full model (model 48) and the best fit model (model
36) is presented in main results.

Model Intercept | IRR | LAI | Island | observed | SSCI | Time AIC | AICc| Weight
area | diversity
36 28.24 | 0.59 | -0.64 + 763.0 | 763.7 0.619
44 28.24 | 0.59 | -0.64 -0.16 + 765.8 | 766.7 0.138
52 28.24 | 0.59 | -0.61 -0.08 + 766.2 | 767.1 0.114
4 28.69 | 0.52 | -0.66 769.5 | 769.8 0.030
60 28.24 | 0.58 | -0.60 -0.18 -0.13 + 768.7 | 769.8 0.029
34 28.24 | 0.63 + 770.1 | 770.7 0.019
50 28.24 | 0.61 -0.30 + 771.3 772 0.010
48 27.54 1 0.58| -0.68 | -0.04 -0.61 + 771.4 | 772.5 0.007
40 28.30 | 0.59 | -0.63 | -0.003 + 771.6 | 772.6 0.007
12 28.69 | 0.52 | -0.66 -0.15 772.3 | 772.7 0.007
20 28.69 | 0.52 | -0.63 -0.09 772.6 | 773.1 0.006
42 28.23 | 0.63 -0.14 + 773.3 | 773.7 0.004
58 28.24 | 0.61 -0.23 -0.35 + 773.5 | 7744 0.003
28 28.69 | 0.51 | -0.62 -0.18 -0.14 775.2 | 775.8 0.001
56 28.34 | 0.59 | -0.59 | -0.005 -0.11 + 774.6 | 775.8 0.001
64 27.58 | 0.58 | -0.65 0.04 -0.56 -0.08 + 774.5 | 7759 0.001
2 28.69 | 0.56 7774 777.6 0.001
16 2798 | 0.51| -0.71 0.04 -0.61 777.9 | 778.5 0.000
8 28.74 | 0.52 | -0.66 | -0.003 778.1 | 778.6 0.000
18 28.69 | 0.54 -0.32 778.3 | 778.6 0.000
38 28.35 | 0.63 0.006 + 778.5 | 779.3 0.000
54 28.47 | 0.61 -0.12 -0.34 + 779.2 | 780.1 0.000
10 28.69 | 0.55 -0.13 780.3 | 780.6 0.000
46 27.93 | 0.63 0.02 -0.34 + 779.7 | 780.6 0.000
26 28.69 | 0.53 -0.21 -0.37 780.5 | 781.0 0.000
62 28.06 | 0.61 0.01 -0.33 -0.34 + 780.4 | 781.5 0.000
24 28.79 | 0.51 | -0.61 | -0.005 -0.11 781.1 | 781.7 0.000
32 28.03 | 0.51|-0.67 | 0.04 -0.59 -0.09 781.0 | 781.8 0.000
35 28.23 -0.75 + 783.3 | 783.8 0.000
3 28.69 -0.76 784.6 | 784.8 0.000
28.80 | 0.55 -0.006 785.8 | 786.1 0.000
22 28.92 | 0.53 -0.01 -0.36 786.2 | 786.6 0.000
43 28.23 -0.75 -0.17 + 785.9 | 786.7 0.000
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Cont. Table A3.1

51 28.23 -0.69 -0.16 | + | 785.9 | 786.7 0.000
14 28.39 | 0.55 0.02 -0.33 786.9 | 787.4 0.000
19 28.69 -0.69 -0.16 787.3 | 787.6 0.000
11 28.69 -0.76 -0.17 787.3 | 787.6 0.000
30 28.52 1 0.53 0.01 -0.32 | -0.36 787.4 | 788.0 0.000
59 28.23 -0.68 -0.22 | -021 | + | 7882 | 789.1 0.000
27 28.69 -0.68 -0.21 | -0.21 789.6 | 790.0 0.000
47 27.44 -0.80 0.04 -0.68 + | 791.2| 7922 0.000
39 28.29 -0.75 -0.003 + | 791.8 | 792.6 0.000
15 27.90 -0.81 0.04 -0.67 792.7 | 793.1 0.000
49 28.22 -042 | + | 792.7| 7933 0.000

7 28.74 -0.75 -0.003 793.2 | 793.5 0.000
33 28.22 793.1 | 793.6 0.000
17 28.69 + | 7943 | 794.5 0.000

1 28.69 -0.42 794.7 | 794.9 0.000
63 27.54 -0.74 0.04 -0.65| -0.16 | + | 793.9| 795.0 0.000
55 28.36 -0.67 -0.007 -0.19 | + | 7943 | 7952 0.000
57 28.22 -026 | -047 | + | 7945 | 7953 0.000
31 28.00 -0.74 0.04 -0.64 | -0.16 7953 | 795.9 0.000
23 28.82 -0.68 -0.007 -0.19 795.7 | 796.1 0.000
41 28.22 -0.15 + | 795.8 | 796.4 0.000
25 28.69 -0.25 | -0.47 796.2 | 796.5 0.000

9 28.69 -0.15 797.5 | 797.7 0.000
53 28.51 -0.02 -0.47 | + | 800.2 | 800.9 0.000
37 28.35 -0.007 + | 801.4| 801.9 0.000
21 28.97 -0.02 -0.47 801.8 | 802.1 0.000
61 28.07 0.008 -035|-047| + | 801.3| 802.2 0.000
45 27.89 0.02 -0.37 + | 802.4 | 803.1 0.000

5 28.80 -0.006 802.9 | 803.2 0.000
29 28.54 0.008 -0.34 | -0.47 802.9 | 803.4 0.000
13 28.36 0.02 -0.35 804.0 | 804.3 0.000
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Table A3.2. Outcome of a linear mixed effect model for the response variable below-canopy
ground surface temperature with the fixed factors leaf area index (LAI), open-area irradiance
(IRR) and time of day (Time 11.00 am. 12.00 pm, 1.00 pm, 2.00 pm.) SSCI and observed
diversity, Island area and the random factor plot. LAI and open-area irradiance (continuous
variables) are scaled. BCST - below-canopy surface temperature, LAI - leaf area index, IRR —
irradiance, SSCI - stand structural complexity index

Below-canopy ground surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 27.33 0.59 26.15 - 28.51 <0.001
LAI -0.63 0.22 -1.06 - -0.20 0.004
IRR (Open area) 0.58 0.12 0.36 - 0.81 <0.001
SSCI -0.08 0.21 -0.51-0.34 0.695
Observed diversity -0.68 0.43 -1.53-0.17 0.118
Island area 100 m? 0.88 0.57 -0.24 -2.00 0.122
Island area 400 m? 1.12 0.76 -0.38—-2.63 0.143
Island area 1600 m? 1.66 1.17 -0.65 —3.98 0.158
Time 12.00 pm 0.22 0.24 -0.26 - 0.70 0.365
Time 1.00 pm 0.77 0.24 0.29-1.24 0.002
Time 2.00 pm 0.84 0.25 0.35-1.32 0.001
Random Effects

o’ 1.49

too 1.43

ICC 0.49

N 52

Observations 205

Marginal R?/Conditional R? 0.3/0.6
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Table A3.3 Outcome of simple linear regression model for the response variable below-canopy

temperatures with the explanatory variable LAI within BEE (N=52), where tree planting and
no planting plot data were used which included all diversity level, species composition and plot

size.

Below-canopy ground surface temperature (°C)
Predictors Estimates SE CI P
(Intercept) 31.94 0.55 30.86 —-33.02 | <0.001
LAI -0.90 0.15 -1.20--0.61 <0.001
Observations 205
R? 0.15

Below-canopy cap surface temperature (°C)
Predictors Estimates SE CI P
(Intercept) 36.72 1.31 34.13-39.31 | <0.001
LAI -1.22 0.35 -1.92 --0.53 0.001
Observations 205
R? 0.05
Below-canopy hijab surface temperature (°C)
Predictors Estimates SE CI P
(Intercept) 33.37 0.77 31.86 -34.88 | <0.001
LAI -0.76 0.21 -1.17--0.35 <0.001
Observations 205
R? 0.06
Below-canopy white board surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 31.89 0.60 30.70 -33.08 | <0.001
LAI -0.72 0.16 -1.04 —-0.41 <0.001
Observations 205
R? 0.08
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Below-canopy black board surface temperature (°C)

Predictors Estimates SE CI P
(Intercept) 36.53 1.20 34.16 —38.91 <0.001
LAI -1.20 0.32 -1.84—--0.56 <0.001
Observations 205
R? 0.06

Below-canopy air surface temperature (°C)
Predictors Estimates SE CI P
(Intercept) 33.92 0.40 33.12—-34.72 <0.001
LAI -0.62 0.11 -0.84 - -0.41 <0.001
Observations 205
R? 0.13
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Table A3.4: ANOVA results of the random partition analysis for leaf area index (LAI) and
different surface temperatures (ST) and air temperature in the tree enrichment experiment. The
design allows to test for effects of planted species richness (linear richness, levels: 0 to 6
species), species identity (of the 6 different tree species), interaction among species in different
mixtures (non-linear richness) and plot size (5 x 5, 10 x 10, 20 x 20, 40 x 40 m). Statistical
significances are indicated as “*’ For P < 0.1, Df: degrees of freedom, Sq: square.

Df Sum Sq Mean Sq F-value p-value
LAI
Linear richness 1 0.001 0.00149 0.0015 0.96924
Species identity 5 2.974 0.59477 0.6027 0.69815
Non-linear richness 2 0.330 0.16523 0.1674 0.84649
Plot size 3 8.168 2.72276 2.7591 0.05627 *
Below-canopy ST
Linear richness 1 0.414 0.41443 0.3986 0.5318
Species identity 5 7.596 1.51911 1.4612 0.2266
Non-linear richness 2 0.723 0.36143 0.3476 0.7087
Plot size 3 0.839 0.27981 0.2691 0.8472
Cap ST
Linear richness 1 0.1183 0.11833 0.1415 0.70898
Species identity 5 10.2379 2.04759 2.4489 0.05216 *
Non-linear richness 2 3.8273 1.91364 2.2887 0.11596
Plot size 3 2.7161 0.90537 1.0828 0.36870
Hijab ST
Linear richness 1 0.3811 0.38107 0.4538 0.50486
Species identity 5 9.4011 1.88022 2.2389 0.07142 *
Non-linear richness 2 4.3946 2.19732 2.6165 0.08691 *
Plot size 3 2.5901 0.86335 1.0280 0.39171
White board ST
Linear richness 1 0.164 0.16447 0.1608 0.6908
Species identity 5 6.372 1.27442 1.2462 0.3082
Non-linear richness 2 2.057 1.02871 1.0060 0.3757
Plot size 3 1.592 0.53073 0.5190 0.6719
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Black board ST
Linear richness
Species identity
Non-linear richness
Plot size

Air Temp.

Linear richness
Species identity
Non-linear richness
Plot size

2

0.030
7.272
1.679
1.967

0.007
1.330
1.436
2.253

0.03040
1.45432
0.83944
0.65555

0.00679
0.26607
0.71789
0.75095

0.0304
1.4522
0.8382
0.6546

0.0058
0.2282
0.6157
0.6441

0.8627
0.2296
0.4407
0.5853

0.9396
0.9478
0.5458
0.5917
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Figure no.

Fig. 1.1

Fig. 2.1

Fig. 2.2

Fig. 2.3

Fig. 3.1

Fig. 3.2

Title

Schematic representation of land-use trajectories at landscape level in
the lowland Sumatra. Position of the different land-use types on the y-
axis indicates the amount of biodiversity and ecosystem functions these
land-use types supports. Solid dark-blue arrows show transitions that
already been seen and ongoing in the landscape. The light-blue dotted
arrows indicate a possible transition. Tree integration into oil palm
(upper right circle) are a special landscape element established within
oil palm monoculture.

Study landscape in Jambi province, Sumatra, Indonesia with the 132
study plots across the land-use types forest, shrubland, rubber and oil
palm plantations. Background map: Sentinel-2 cloudless 2021 by EXO
from QGIS 3.28.

Relationship between leaf area index (LAI) and below-canopy surface
temperature for ground, cap, hijab, black board and white board and
below-canopy air temperature. N = 124 plots, each with four
measurements during the day (time 11:00 am, 12:00 pm, 1:00 pm, and
2:00 pm).

Below-canopy temperature of different surfaces and below-canopy air
temperature across land-use types measured at noon. The letters (on top
of the boxes) indicate significant differences (p < 0.05) among land-use
types, based on ANOVA with Tukey’s HSD test.

Leaf area index (LAI) across plots in EFForTS-LA and EFForTS-BEE.
Plots comprise forest (F, n =30) and conventional oil palm monocultures
(O, n=32) from the landscape assessment, and in BEE oil palm control
plots (O, n = 4), no tree planting with natural recruitment plots (NP, n =
4) and tree planting with natural recruitment plots (TP, n = 48). Different
letters indicate significant differences at P < 0.05 (Kruskal-Wallis test
with Dunn’s post-hoc test). Red dots indicate mean values.

Below-canopy temperatures across plots in the wider landscape
(EFForTS-LA) and in the biodiversity enrichment experiment
(EFForTS-BEE). Below-canopy temperatures of different surfaces
(ground, workers’ cap and hijab, reference black and white board) and
of the air are presented. Plots comprise forest (F, n = 30) and
conventional oil palm monocultures (O, n = 32) from the landscape
assessment, and in BEE oil palm control plots (O, n=4), no tree planting
with natural recruitment plots (NP, n = 4) and tree planting with natural

91

Pg. No.

20

23

25

46

48



Fig. 3.3

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

recruitment plots (TP, n = 48). Different letters indicate significant
differences at p < 0.05 (Kruskal-Wallis test with Dunn’s post-hoc test).
Red dots indicate mean values.

Relationship between leaf area index (LAI) and different below-canopy
temperatures in the tree enrichment experiment (n = 52). Linear
regressions show the association between LAI and temperatures
measured on different surfaces: ground, workers' cap, hijab, whiteboard,
blackboard, and ambient air below the canopy. Green dots represent
plots with tree planting (n = 48), while red dots indicate plots without
tree planting (n = 4). Data are pooled across measurement times (11:00
AM, 12:00 PM, 1:00 PM, and 2:00 PM).

Graphical abstract indicates conversion of forest into oil palm
monoculture increased the hijab surface temperature by 4 °C.

Graphical representation of tree integration in oil palm plantation
enhances LAI and reduces below-canopy surface temperatures.

Leaf area index (LAI) across plots in the jungle rubber (n=4) and in the
commercial rubber monoculture (n=25). Different letters indicate
significant differences at p < 0.05 (Kruskal-Walli’s test with Dunn’s
post-hoc test). Red dots indicate mean values.

Below-canopy temperatures for different surfaces (ground, cap, and
hijab) and ambient air across plots in the jungle rubber (n=4) and in the
commercial rubber monoculture (n=25). Data is pooled across
measurement times (11:00 AM, 12:00 PM, 1:00 PM, and 2:00 PM).
Different letters indicate significant differences at p < 0.05 (Kruskal-
Walli’s test with Dunn’s post-hoc test). Red dots indicate mean values.

Schematic representation of land-use trajectories at landscape level in
the lowland Sumatra. Position of the different land-use types on the y-
axis indicates respective below-canopy ground surface temperatures.
Solid dark-blue arrows show transitions that already been seen and
ongoing in the landscape. The light-blue dotted arrows indicate a
possible transition. Tree integration into oil palm (upper right circle) are
a special landscape element established within oil palm monoculture.
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Table 2.1

Table 2.2

Table 3.1

Table 3.2

Title

Leaf area index (LAI) across different land-use types. The letters
attached to the mean indicate significant differences at p < 0.05 among
land-use types (ANOVA, Tukey’s HSD test).

Outcome of a linear mixed effect model for the response variable below-
canopy ground surface temperature with the fixed factors leaf area index
(LAI), open-area irradiance (IRR) and time of day (Time 11.00 hr. 12.00,
13.00, 14.00 hrs.) and the random factor sub-plot. LAI and open-area
irradiance (continuous variables) are scaled (non-scaled model output is
depicted in Table A.5). Similar model results as here for the sub-plot
level were observed for analyses at the plot level (see Appendix, Tables
A2.6 and A2.7).

Performance of linear mixed-effect models for the target variable below-
canopy ground surface temperature (n = 52). Model performance is
evaluated in terms of Akaike information criterion (AIC), Bayesian
information criterion (BIC), conditional and marginal coefficient of
determination (R?) and root mean square error (RMSE) for the null
model (no fixed factor), the full model (all fixed factors) and the best
model (based on model performance). Model selection was by stepwise
selection using the R function ‘dredge’. All continuous variables were
scaled. BCGST: below-canopy ground surface temperature, LAI: leaf
area index, IRR: irradiance, SSCI: stand structural complexity index.

Model estimates and statistics of the best performing linear mixed-effect
model for the target variable below-canopy ground surface temperature.
Leaf area index (LAI), solar irradiance (IRR) and time of day are the
fixed factors, plot is the random factor. All continuous variables were
scaled. Estimates are provided with standard errors (SE), 95%
confidence intervals (CI) and significance level (P). A version of the
model with stand structural complexity index (SSCI) and observed

diversity as additional (but non-significant) predictors can be found in
Appendix, Table A3.1.
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