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A B S T R A C T   

Agroforestry options such as mixed-species tree planting and natural regeneration in oil palm plantations may 
alleviate negative effects of forest loss on biodiversity and ecosystem functioning. The effects of agroforestry on 
microclimate and land surface temperatures (LST) remain largely unknown despite their central role in con
trolling abiotic and biotic factors and in buffering climate at a larger scale. We assessed spatial and temporal 
microclimate and LST variability in a biodiversity enrichment experiment, in which tree islands have been 
planted in an oil palm plantation in Sumatra (Indonesia). Four years after establishment of the experiment, we 
measured microclimate and LST using mini microclimate sensors and drone-recorded thermal images. We 
examined experimental effects of tree species richness (0, 1, 2, 3 or 6), plot size (25 m2, 100 m2, 400 m2, 1600 
m2) and stand structural complexity on microclimate and LST. Diurnal patterns showed ambient air temperature 
peaks and relative humidity (RH) minima at 3 pm, whereas diurnal soil temperatures peaked around 6 pm. The 
lowest LST were observed from oil palm canopy leaves and the highest from bare soils and understorey vege
tation (including trees). Spatial and temporal ranges of ambient air temperature were smaller than LST ranges, 
and average ambient air temperature and LST were positively correlated. Tree species diversity had no overall 
significant effect neither on microclimate nor LST, but humidity was higher in planted tree islands compared to 
natural regeneration only. Smaller plots were characterized by higher mean air, soil and LST, compared to larger 
plots. Structurally complex plots were associated with low mean and maximum values of ambient air temper
ature, soil temperature and LST and high mean and minimum RH. Still, conditions were hotter and drier in 
several experimental plots compared to conventional oil palm plantations, considering a higher transpiration in 
the latest. We conclude that stand structural complexity and tree island size control microclimate and LST in the 
experimental oil palm agroforests, but alleviating the harsh microclimate conditions in oil palm plantations 
might take longer to occur.   

1. Introduction 

Deforestation and forest degradation are often driven by the agri
cultural land expansion (crops and grazing land), which has become 

very pronounced over time (Gibbs et al., 2010; IPBS, 2018; Vijay et al., 
2016). One of many examples is Indonesia, where the vast expansion of 
oil palm and other monocultural crops has contributed to deforestation 
in recent decades (Abood et al., 2015). Oil palm products are now 
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Indonesia’s top commodity (FAO, 2017), providing raw and derivative 
products for local and global markets (Sequiño and Magallon-Avenido, 
2015). On the other hand, forest conversion to oil palm plantations re
sults into biodiversity impairment and losses of key ecosystem functions 
(Clough et al., 2016; Drescher et al., 2016; Hardwick et al., 2015; Mei
jaard et al., 2020; Qaim et al., 2020; Vijay et al., 2016). 

Forest conversion into other land-use systems modifies the vegeta
tion structure and consequently microclimate (Luskin and Potts, 2011; 
Meijide et al., 2018) and land surface temperatures (LST) (Sabajo et al., 
2017). At the land-atmosphere interface, microclimate affects organisms 
which determine, through various interactions, ecosystem structure, 
functions and compositions (Zellweger et al., 2020). Agroforests, e.g., in 
form of oil palm plantations enriched with native tree species, are 
regarded to be an alternative to monoculture cultivation and can 
(partially) conserve or restore biodiversity and key ecosystem functions 
(Koh et al., 2009). However, there remains a need for studies in (oil 
palm) agroforests to better understand microclimate and its interaction 
with land use at local scales as the basis for better understanding and 
predicting microclimate heterogeneity and regulative functions (Potter 
et al., 2013; Zellweger et al., 2019). 

Microclimate and LST interact with key ecological processes (i.e., 
nutrient cycling) and plant physiology (i.e., growth and transpiration) 
(Bonan, 2016; Sabajo et al., 2017; Zellweger et al., 2019). It has been 
suggested that both microclimate and LST affect biotic factors such as 
the understorey vegetation and other organisms, which in turn could 
buffer climate warming at a larger scale (De Frenne et al., 2013; Zell
weger et al., 2019). Previous research stated that forest conversion into 
oil palm monocultures leads to higher air temperatures, lower relative 
humidity and largely increased diurnal amplitudes for both variables in 
Indonesia (Böhnert et al., 2016; Meijide et al., 2018) and Malaysia 
(Luskin and Potts, 2011). In tropical rainforests, spatial heterogeneity of 
LST compared to ambient air temperature was reported to be higher 
(Scheffers et al., 2017), while the opposite could be expected for 
monocultures. Only few previous studies have examined the relation
ship between LST and ambient air temperature; therein, a study in a 
temperate forest observed a relatively high correlation between the two 
variables (Kawashima et al., 1999). 

Land surface temperatures can be recorded in thermal images from 
unmanned aerial vehicles (UAV) (Banu et al., 2016; Berni et al., 2009; 
Faye et al., 2016). Compared to satellite imagery, UAV-based schemes 
are more flexible in terms of recording time and frequency and can 
achieve much higher image resolution (Ellsäßer et al., 2021; Laliberte, 
2009). Microclimate is classically assessed from stations where at least 
ambient air temperature and relative humidity are recorded; but smaller 
and cheaper temperature and humidity sensors become broadly avail
able, which offers chances for microclimatic assessment schemes with 
simultaneous measurements at multiple vertical and horizontal posi
tions (Hardwick et al., 2015; Hubbart et al., 2005; Shin et al., 2017; 
Zellweger et al., 2020). 

The complexity of vegetation structure (stand structural complexity), 
i.e., the heterogeneity of biomass distribution in three-dimensional 
space, has been shown to strongly influence microclimate (Ehbrecht 
et al., 2019). The structural complexity in oil palm agroforests influences 
biodiversity and ecosystem functions (Foster et al., 2011; Zellweger 
et al., 2013) and reciprocally, tree diversity enhances structural 
complexity in oil palm plantations (Zemp et al., 2019a). Ehbrecht et al. 
(2017) and Juchheim et al. (2019) observed an increasing stand struc
tural complexity with increasing tree species diversity in temperate 
forests. Therefore, both stand structural complexity and species diversity 
are potential determinant of microclimate conditions in monocultures 
and agroforest stands. 

Our study integrated drone-based thermal images and microclimate 
data measured within a large scale and long term biodiversity enrich
ment experiment developed by Teuscher et al. (2016) in Sumatra, 
Indonesia. Here, we (1) studied the temporal change of three microcli
mate variables (ambient air temperature, relative humidity and soil 

temperature) within three plots of interest taken as example, to illustrate 
the general pattern. We (2) assessed the correlation between LST and 
ambient air temperature under the canopy within experimental plots. 
We (3) assessed microclimate and LST variability across plot size, spe
cies diversity and stand structural complexity indexes (SSCI). We 
hypothesised that the LST and the mean ambient air temperature under 
the canopy are positively correlated. Then, we assumed that with 
increasing plot size and tree species diversity level, lower temperatures 
and higher humidity conditions would occur. Lastly, we expected that 
increasing structural complexity favours lower temperatures and higher 
humid conditions. 

2. Methods 

2.1. Study region 

This study was conducted as part of the collaborative project EF
ForTS [Ecological and Socioeconomic Functions of Tropical Lowland 
Rainforest Transformation Systems] (Drescher et al., 2016) in the Jambi 
province, in Sumatra, Indonesia. The considered lowlands in Jambi have 
a tropical humid climate, with annual mean temperature of 26.7 ◦C and 
annual mean precipitation of 2235 mm, with two main rainy peaks 
(March and December) and one dry season (July to August) (Drescher 
et al., 2016). The dominant soil type is a loamy Acrisol (Guillaume et al., 
2015). The natural vegetation comprises tropical rainforest dominated 
by Dipterocarpaceae (Laumonier, 1997). Our study region originally 
covered with lowland rainforests was gradually transformed to agro
forestry plantations and monocultures of oil palm (Elaeis guineensis), and 
rubber (Hevea brasiliensis) mainly (Clough et al., 2016). 

2.2. The biodiversity enrichment experiment in oil palm EFForTS-BEE 

The study was conducted in the Biodiversity Enrichment Experiment 
(EFForTS-BEE, https://treedivnet.ugent.be/ExpEFForTSBEE.html) that 
tests experimentally the suitability of mixed-species tree planting and 
natural regeneration to enhance biodiversity and ecosystem functions in 
existing oil palm plantations. The experiment was established in one oil 
palm plantation of PT. Humusindo Makmur Sejati (01.95◦ S and 103.25◦

E, 47 ± 11 m a.s.L) (Teuscher et al., 2016). Six tree species (Parkia 
speciosa, Fabaceae; Archidendron pauciflorum, Fabaceae; Durio zibethinus, 
Malvaceae; Peronema canescens, Lamiaceae; Shorea leprosula, Dipter
ocarpaceae; Dyera polyphylla, Apocynaceae) were selected based on 
their status as native to Sumatra and their importance for local com
munities (timber, latex, fruits). Around 40% of oil palms were felled 
prior to tree planting, with the number of felled oil palms depending on 
the plot size (for details see Gérard et al., 2017). In December 2013, after 
oil palm thinning, 6354 trees were planted on a 2-meter grid between 
the standing oil palms. 

The experimental plots systematically varied in plot size and tree 
species diversity following a random partitions design (Teuscher et al., 
2016). The experimental design was categorized into four partitions 
differentiated by the plot sizes (25 m2, 100 m2, 400 m2, and 1600 m2) 
(Fig. 1a), and further into blocks of different diversity levels (0, 1, 2, 3 or 
6 tree species within each plot). A total of 52 experimental plots was 
established. No agrochemicals (neither mineral nor organic fertilizers) 
were applied in the experimental plots after tree planting, and manual 
weeding stopped after two years to allow natural regeneration (Teuscher 
et al., 2016). Four additional control plots measuring each 100 m2 area, 
managed as-usual (i.e., application of organic and inorganic fertilizers, 
herbicides, occasional pesticides and manual weeding) and without 
planted trees were set. No tree species were planted in diversity-level- 
0 plots neither, but unlike control plots, diversity-level-0 plots were 
unmanaged (no herbicide, no fertilizers and no more weeding after two 
years to allow for natural regeneration). Three years after establishment 
of EFForTS-BEE, the experimental plots varied greatly in their structural 
complexity (Zemp et al., 2019a), canopy cover (Khokthong et al., 2019) 
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and performance of the planted tree species (Zemp et al., 2019b). The 
productivity of the oil palms were affected by the experimental treat
ments and in particular by the thinning (Gérard et al., 2017). 

2.3. Data acquisition 

During the period 20th September 2017 to 26th September 2017, we 
acquired drone images and microclimate data (Appendix I). The 
installation of the mini microclimate sensors within the experimental 
plots and the daily flight missions were coordinated so that the data from 
both approaches could be directly compared. 

2.3.1. Microclimate data 
We deployed 198 miniaturized microclimate sensors (100 

thermochron and 98 hygrochron iButtons, Maxim integrated, USA) to 
measure ambient air temperature, relative humidity, and soil tempera
ture (Table 1), which were acquired in 10-minutes intervals all over 
considered days. Due to a limited number of available sensors, we 
selected from the 56 initial plots, 32 that represented a great variability 
in vegetation structure and with varying species diversity level and plot 
size, including the four control plots (Appendix C). 

Within the plots, mini microclimate sensors were positioned on each 
sampling point located at increasing distance on a logarithmic scale (1, 
2, 4 and 8 m distant from each other) oriented along three main di
rections: North, South-East, and South-West (Fig. 1a). The purpose of 
this fractal design was to account for spatial variations in temperature 
and humidity values (Hardwick et al., 2015) and to have comparable 
data across plot sizes (see also Section 2.4.2). We used two types of mini 

Table 1 
Meanings of important expressions used in data analyses.  

Expressions Explanation 

Mean ambient air temperature Average of all temperature values measured 1.5 m above the ground by mini microclimate sensors in a single plot (Append 
ix B) or from several plots (Appendix E & F) and in a precise time frame. 

Median ambient air temperature Middle value of distribution of all ambient air temperature values considered in a single plot (Appendix B) or from several 
plots (Appendix E & F) and in a precise time frame. 

Standard error of mean ambient air temperature Measure of dispersion of mean ambient air temperature values around the population mean in a single plot (Appendix B) or 
from several plots (Appendix E & F) and in a precise time frame. 

Maximum ambient air temperature Highest value of ambient air temperature measured in one or more plots and in a precise time frame. 
Range of ambient air temperature Difference between the highest and lowest ambient air temperature values in a single plot (Appendix B) or from several plots 

(Appendix E & F) and in a precise time frame. 
Mean soil temperature Average of all temperatures measured 10 cm under the ground by mini microclimate sensors in a single plot (Appendix B) or 

from several plots (Appendix E & F) and at a precise time. 
Median, Standard error of mean, maximum, and 

range of soil temperature 
Similar definitions applied for ambient air temperature, but considering soil temperature values. 

Mean relative humidity (RH) Average of all RH values measured 1.5 m above the ground by mini microclimate sensors in one or more plots and in a precise 
time frame. 

Minimum RH Lowest value of RH measured in a single plot (Appendix B) or from several plots (Appendix E & F) and in a precise time frame. 
Median, Standard error of mean and range of RH Similar definitions applied for ambient air and soil temperature, but considering RH values. 
Mean land surface temperature (LST) Average of all values of thermal pixels measured above the land surface in a single plot (Appendix B) or from several plots 

(Appendix E & F). 
Median, Standard error of mean, maximum, and 

range of LST 
Similar definitions applied for ambient air, soil temperature and RH, but considering LST values. 

Species diversity level Number of different tree species planted within a specific plot. 
Stand structural complexity index Vegetation structural complexity in a specific plot (Zemp et al., 2019a). Values were obtained from terrestrial laser scanning 

following the methodology described in Ehbrecht et al. (2017).  

Fig. 1. General design for microclimate and LST data acquisition and analysis scheme. (a) Design for microclimate data acquisition for four different plot sizes. Each 
point represents one position of the mini microclimate sensors (a detailed representation with distances between mini microclimate sensors are represented in the 
Appendix (K); (b) Schematic representation of spatial and temporal frames considered for the analysis of microclimate and LST. Spatial variation is considered within 
plots and along elevational scale (soil, ambient air, canopy surface). Temporal scale is considered between 10 am and 3 pm for calculation of mean, median, max/min 
values and range of temperatures and relative humidity (Appendix B); (c) Thermal images of 0.113 m spatial resolution were acquired at noon for each plot. 
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microclimate sensors: hygrochron temperature/humidity loggers 
(DS1923-F5#), installed 1.5 m above the ground to measure both the 
ambient air temperature and relative humidity and thermochron tem
perature loggers (DS1922L-F5#), placed 10 cm under the ground to 
measure soil temperature. The mini microclimate sensors were pro
tected from water and direct solar radiations using hand-made multi- 
plate radiation shields (Appendix L). 

Precision and accuracy as provided by the manufacturer are 0.063 ◦C 
and 0.5 ◦C, respectively for hygrochron and thermochron loggers. When 
measured values were negative, these were considered as aberrant and 
therefore excluded from the analysis to prevent any bias. We corrected 
relative humidity values > 100% by adjusting them to 100%. We vali
dated the mini microclimate sensors by applying a linear regression of 
the measured values with reference values (air temperature and relative 
humidity measured with Hygro-Thermo Transmitter, Thies Clima, 
Göttingen, Germany; soil temperature measured with Trime-Pico32, 
IMKO, Ettingen, Germany) across a range of controlled microclimatic 
conditions (25 ◦C - 35 ◦C), indicating no systematic biases (mean slope 
= 0.86, mean intercept = 5.68 ◦C, mean R2 = 0.91 for temperature, 
mean slope = 0.96, mean intercept = 3.56%, mean R2 = 0.91 for relative 
humidity) (Appendix G). 

2.3.2. Drone images 
We used thermal images acquired with an octocopter drone (MK 

EASY Okto V3; HiSystems, Moormerland, Germany) equipped with 
radiometric thermal and RGB cameras, to capture thermal and RGB 
images of all the 56 study plots. We used the thermal camera Flir Tau 2 
640 with TeAx ThermoCapture module attached; the focal length 13 mm 
covers spectral bands ranging from 7.5 to 13.5 µm. RGB camera was 
based on an Omni vision OV12890 CMOS-Sensor 148 (Omni vision, 
USA) with a 170◦ FOV fish-eye lens (Ellsäßer et al., 2021). For each day 
considered, flights were operated at noon (12 pm local time) at the 
average height of 50 m above the starting point, but varying up to 20 m 
over plots. LST were determined from thermal pixels above correspon
dent surfaces. 

2.3.3. Stand structural complexity 
We derived the stand structural complexity from terrestrial laser 

scans in October and November 2016 (Zemp et al., 2019a), based on a 
procedure described by (Ehbrecht et al., 2021). A FARO Focus terrestrial 
laser scanner (Faro Technologies Inc., Lake Mary, USA), placed at the 
centre of each plot was used to obtain three-dimensional point clouds of 
each plot for the computation of the stand structural complexity index 
(SSCI). SSCI is an integrated measure of the three-dimensional 
arrangement of the vegetation above the herbaceous layer and quan
tifies the heterogeneity of biomass distribution in three-dimensional 
space (Ehbrecht et al., 2017). Index values increase with increasing ef
ficiency of canopy space occupation and vertical stratification. Further 
details on SSCI construction and functioning can be found in Ehbrecht 
et al. (2021). Control plots considered to assess stand structural 
complexity, LST and microclimate were all different, and correlations 
between the three variable categories were therefore performed 
considering 28 plots instead of 32. 

2.4. Statistical analyses 

We used R version 3.6.3 to structure data and perform statistical 
analyses, and QGIS 3.2.3 to visualize thermal and RGB images and 
extract LST values for specific plots through image properties. For LST 
ramps determination, we changed properties of thermal images above 
plots of interest into single band pseudo-colour with linear interpola
tion. We calculated relevant metrics (mean, median, maximum/mini
mum, standard error of the mean and range) for ambient air 
temperature, relative humidity, soil temperature and LST. Relevant 
terminologies were used with their meanings summarized in Table 1. 

2.4.1. Visualisation of temporal and spatial variability 
We visualized the daily temporal variability of microclimate and the 

spatial variability of LST across plot size. To do so, we used data of a 
specific day (21st September 2017) showing the greatest extreme values 
of microclimate (Appendix I) from three plots (P50, P38 and P45 of 
respective sizes: 25 m2, 400 m2 and 1600 m2). In the three plots, a total 
of 32 mini microclimate sensors was available (Appendix A) for data 
measurement. A visual assessment of RGB image’s correlation to ther
mal images was performed. Additionally, Pearson‘s correlation co
efficients were calculated for LST measured at noon and ambient air 
temperatures, considering the 28 plots with available data. 

2.4.2. Influence of the number of mini microclimate sensors on 
microclimate estimates 

By design, the number of mini microclimate sensors increased with 
plot size (Fig. 1a). We evaluated the influence of using an increasing 
number of mini microclimate sensors per plot on the microclimate 
variables. To do so, we selected the data from loggers at increasing 
distance from the plot centre and tested the effect of these subsets on the 
microclimate variables. We applied a linear mixed model using the l
me4 package (Bates et al., 2015), and the following formula: y = log (x 
+ 1) + (1 + log (x + 1) | Plot), with y being the microclimate variable 
(maximum ambient air temperature, minimum relative humidity, 
maximum soil temperature) in the corresponding subset and x the dis
tance of the mini microclimate sensors from plot centre. The different 
plots can have varying slopes and intercepts, as introduced by the 
random effect. We evaluated the models using a type III Analysis of 
Variance (Appendix H) with Satterthwaite’s method using the lmer
Test package (Kuznetsova et al., 2017). Because we found an effect of the 
mini microclimate sensors number on max/min values (Appendix J), we 
considered the subset of four central mini microclimate sensors, one at 
plot centre and three 1 m away from plot centre (Fig. 1a), for all analyses 
concerning the effect of plot size on microclimate variables. 

2.4.3. Effect of plot size, tree diversity level and structural complexity 
Between 10 am and 3 pm local time, a time frame during which most 

of the spatial variability was expected, we calculated and compared 
mean and then maximum values per plot of ambient air temperature, 
soil temperature, and minimum RH between 4 size classes (25 m2, 100 
m2, 400 m2 and 1600 m2) and control plots (100 m2). The class of size 
25 m2 was excluded from analysis, as only one plot belonged to that 
category. We also compared mean and maximum values per plot of 
ambient air temperature, soil temperature, LST and minimum RH be
tween 5 species diversity levels (0, 1, 2, 3, and 6) and control plots. 
Records on the 32 plots, including plot size and tree species diversity 
level were summarized in the Appendix D. 

The effect of the experimental treatments (plot size and tree species 
diversity level) on microclimate variables was tested using an Analysis 
of Variance (ANOVA) followed by a Tukey’s pairwise comparison test. 
Correlations between stand structural complexity index and microcli
mate variables were plotted and measured through Pearson’s 
correlation. 

3. Results 

3.1. Temporal change of microclimate in experimental plots across plot 
sizes 

The daily mean ambient air temperature and mean relative humidity 
(RH) followed similar patterns for each of the 7 days considered, with 
ambient air temperature peaks and RH minima around 3 pm. Soil 
temperature peaks were observed after 3 pm. Ambient air temperatures 
were higher than soil temperatures. The diurnal variation of the three 
variables was higher on 21st September 2017 than on the other recorded 
days (Appendix I). On that day, three plots of different sizes (25 m2, 400 
m2 and 1600 m2) showed similar diurnal patterns of ambient air 
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temperature, RH and soil temperature (Fig. 2). Therein, minimum 
ambient air temperature (28.9 ◦C) was reached at 6 am, followed by an 
increase from 8 am to a maximum of 38.7 ◦C at 3 pm; RH had high values 
until 8 am and a drop to a minimum of 48.2% at 3 pm. Within the 
timeframe 10 am – 3 pm, soil temperatures reached a maximum of 31.2 
◦C. 

3.2. Correlation between ambient air temperature and LST 

Both mean and maximum ambient air temperature were positively 
correlated with LST (Fig. 3). The correlations were strong and highly 
significant when considering maximum LST (r = 0.46–0.60; P =
0.01–0.001), intermediate for median LST (r = 0.37–0.41; P =

0.05–0.03) and relatively weak and only marginally significant when 
using minimum LST (r = 0.32–0.33, P = 0.10–0.09). 

3.3. Land surface temperature variation within plots 

Oil palm canopy cover influenced LST, with values as low as 28 ◦C 
observed above individual oil palms. High values of LST (37 ◦C and 
higher) were observed above bare soils and understorey vegetation. On 
the largest plot (Plot 45, 1600 m2), a surprisingly warm zone was 
observed despite the presence of understorey tree species (Fig. 4). 
Generally, the range of observed LST increased with increasing plot size. 

3.4. Microclimate in experimental plots versus in control plots 

The microclimate in the experimental plots of varying sizes and di
versity levels can be compared with the microclimate in the control plots 
(Fig. 5 and Fig. 6). Regarding experimental plots of varying sizes, mean 
values were in general not different than the control plots, except for 
plot size 100 m2 that displayed higher mean air and soil temperature 

Fig. 2. Mean diurnal cycle of ambient air temperature (green), relative humidity (blue) and soil temperature (orange) expressed as hourly mean values and the range 
(grey shaded area) from 3 plots of sizes 25 m2, 400 m2 and 1600 m2, and with respective diversity levels 6, 1 and 1. Temperature (ambient air and soil) and relative 
humidity, available at 10 min intervals, were aggregated as hourly values. Aggregation as hourly involved the determination of mean values of all microclimate 
values taken at 10 min intervals within each hour of the day. Only highlighted data within the timeframe 10 am to 3 pm local time were of interest. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Correlations between minimum (red; a & d), median (green; b & e) and maximum (blue; c & f) land surface temperatures (LST) and mean (upper row; a-c) 
and maximum (lower row; d-f) ambient air temperature values per plot. For the 28 plots in this study, LST were obtained from drone-recorded thermal images at 12 
pm and ambient air temperature in the corresponding plots was measured with mini microclimate sensors (10 am − 3 pm local time). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Comparison between RGB images and LST images on three plots (P50, P38 and P45) of different sizes (25 m2, 400 m2 and 1600 m2) and tree diversity levels 
(1 tree species planted in plots 38 and 45, and 6 tree species planted in plot 50). The same plots were used for the diurnal assessments in Fig. 2. The spatial resolution 
of the images was 0.113 m. 
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Fig. 5. Comparison of mean values per plot of ambient air temperature, relative humidity, soil temperature and LST (a) and maximum/minimum of the same 
variables per plot except LST (b), across different levels of plot size from 10 am to 3 pm local time. A subset of equal mini microclimate sensors number for all the 
plots was performed only for microclimate data (see Section 2.5.2), and not for thermal image pixels. The letters represent differences among mean/max/min 
microclimate and LST values of respective plot size classes (Tukey’s pairwise test of independence). 
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than the control plot. Maximum soil temperatures within plot size cat
egories 100 m2, 400 m2 and 1600 m2 were higher than values within 
control plots. Experimental plots with planted trees (diversity level 1–6) 
showed some differences compared to the control plots, in particular for 
plots with diversity level 6 that had higher mean and max LST and max 
ambient air temperature, and plots with diversity level 1 that had higher 

mean soil temperature and max LST. Experimental plots where no trees 
were planted (diversity level 0) had higher mean and maximum ambient 
air temperature and LST and lower mean relative humidity, compared to 
the control plots. 

Fig. 6. Comparison of mean values per plot (a) and maximum/minimum values per plot (b) of ambient air temperature, relative humidity, soil temperature, and LST 
across different levels of species diversity (0, 1, 2, 3 and 6) from 10 am to 3 pm. The letters represent differences among mean/max/min values of respective diversity 
levels (Tukey’s pairwise test of independence). 
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3.5. Effect of plot size on microclimate 

Mean ambient air temperature (F0.95 = 1.84, P = 0.15), mean rela
tive humidity (F0.95 = 1.51, P = 0.23), mean soil temperature (F0.95 =

2.48, P = 0.07), and mean LST (F0.95 = 0.36, P = 0.83) showed no 
significant differences across different plot sizes. Using maximum 
instead of mean values of the same variables yielded similar results. For 
mean ambient air and mean soil temperature, pairwise comparisons 
showed that control plots differed significantly from plots of size 100 m2 

(Fig. 5), but not from the other plot sizes. 
In plots of 100 m2, the highest values of mean ambient air temper

ature (30.56 ± 0.06 ◦C), soil temperature (27.46 ± 0.03 ◦C) and LST 
(31.63 ± 0.01 ◦C) were observed. Corresponding values were lower in 
the 1600 m2 plots, respectively 29.56 ± 0.09 ◦C, 26.62 ± 0.02 ◦C and 
30.96 ± 0.003 ◦C. In contrast, mean RH was highest in the 1600 m2 

plots, with 75.29 ± 0.46% (Appendix E). The range of ambient air 
temperature was highest in the size class 400 m2, while LST had the 
highest range in the size class 1600 m2. The observed ambient air 
temperature range was generally smaller than the LST range (Append 
ix E). 

3.6. Effect of tree species diversity level on microclimate 

The response to species diversity levels differed among the studied 
variables (Fig. 6). Mean ambient air temperature (F0.95 = 1.34, P =
0.28), mean relative humidity (F0.95 = 1.004, P = 0.44) and mean soil 
temperature (F0.95 = 1.42, P = 0.25) showed no significant differences, 
while mean LST (F0.95 = 2.49, P = 0.04) showed significant differences 
among diversity levels. Using maximum instead of mean values of the 
same variables yielded similar results. As for plot size, some pairwise 
comparisons showed significant differences (Fig. 6). 

Mean ambient air temperature was highest within the diversity level 
0, with 31.04 ± 0.05 ◦C, and lowest in plots of diversity level 3, with 
29.17 ± 0.05 ◦C. Mean soil temperatures were highest in plots of di
versity level 1 with 27.12 ± 0.02 ◦C, and lowest in diversity level 3 with 
26.62 ± 0.02 ◦C. Mean LST were highest in diversity level 6, with 33.92 
± 0.013 ◦C, and lowest in diversity level 3, with 29.37 ± 0.006 ◦C. Mean 
RH showed the highest value (80.19 ± 0.22%) in diversity level 3 and 
the lowest (71.21 ± 0.20%) in diversity level 0 (Appendix F). 

3.7. Effect of stand structural complexity on microclimate 

The stand structural complexity influenced microclimate and LST 
across the 28 plots with available data. Mean and maximum values of 
ambient air temperature, soil temperature, and LST showed a negative 
correlation with SSCI while mean and minimum RH showed a positive 
correlation with SSCI (Fig. 7). Therein, the closest correlations were 
observed for mean and maximum ambient air temperature (r = − 0.49 & 
r = − 0.55 respectively). 

4. Discussion 

4.1. Spatial and temporal patterns of microclimate and LST 

The daily microclimate variation over time followed a pattern 
characterised by highest ambient air temperatures and lowest RH values 
reached in the afternoon (3 pm). Meijide et al. (2018), while observing 
microclimate variables below the canopy in tropical agroforest systems 
(a jungle rubber), found that mean and range of ambient air tempera
tures reached their maxima in the early afternoon (2 pm). As Meijide 

et al. (2018) also confirmed, soil temperatures had unclear daily pat
terns with maximum values reached a bit later in the afternoon (around 
6 pm). 

Our initial hypothesis of a positive correlation between the ambient 
air and LST was met. The strongest correlations were observed between 
mean/maximum ambient air temperature and maximum LST. When 
comparing surface and ambient air temperature (at 1 m and 1.5 m 
height) in complex tropical rain forests, Scheffers et al. (2017) observed 
a significant positive and negative deviation from a slope of 1 when 
considering minimum and maximum LST, respectively. The authors also 
found that mean LST showed less deviation from the slope of 1, meaning 
a stronger correlation of mean LST with ambient air temperature in 
comparison to minimum and maximum LST. In contrast, for our study 
case, maximum LST showed higher correlations with mean and max 
ambient air temperature, compared to minimum and mean LST. The 
difference could be explained by the difference in the method of thermal 
data acquisition, with handheld cameras at 1 m height used by Scheffers 
et al. (2017), which reduced exposition level to solar radiations. Our 
increased footprint also offered a wider range of thermal observations 
with more extreme values (cooler oil palm canopies and hotter soil, 
stones, artefacts). It could also be justified by the size of plots considered 
which in our case was reduced. Hence, our and previous studies reflect 
the linkages between microclimate regulation and local canopy surface 
processes (Madigosky, 2004). 

We observed a higher temperature range in LST compared to 
ambient air temperature, in agreement with previous studies (Scheffers 
et al., 2017), explained by increased aboveground habitat complexity 
and leaf density, thereby reducing the amount of incoming solar radia
tion reaching the ground surface. In fact, solar absorption by leaves and 
therefore decreased direct solar exposure of the soil reduces the light 
intensity conditioning the below-canopy microclimate (Gaudio et al., 
2017). Additionally, the release of latent heat flux by the canopy via 
evapotranspiration has a cooling effect on the microclimate (Li et al., 
2015), assuming very limited air turbulence below the canopy. More
over, air humidity was higher below the canopy, consequently having 
higher heat capacity compared to the above-canopy dry air, which may 
further promote below- and above-canopy temperature differences. 
Moist air also absorbs more of the upwelling thermal radiation that 
might have interfered with the LST measurements. 

LST distribution across the 3 specific plots (Fig. 4) depends on the 
vegetation type, with lower temperatures occurring above oil palm and 
higher temperatures above some understorey vegetation and bare soils. 
As lower temperatures reflect higher transpiration, these results are in 
adequacy with (Röll et al., 2019) who observed a higher transpiration in 
commercial oil palm plantations compared to smallholder oil palm 
plantations. This illustrates that vegetation type determines water use 
and hence LST. 

4.2. Effect of plot size 

We found a lower mean soil temperature in the plot size category 
1600 m2, compared to 100 m2. This could be explained by edge effects, 
as the surrounding oil palm plantation will have greater effect on smaller 
plots (which have a higher edge-area fraction) (Mauya et al., 2015). 
Teuscher et al. (2016), showed additionally that large-sized tree islands 
positively influenced biodiversity and ecological functions, which in the 
present study can be justified by more favourable microclimate condi
tions. In fact, we found a tendency of faster air saturation in larger plots, 
compared to smaller plots (Fig. 5; Appendix J). This suggests that larger 
plots have a higher capacity to maintain a spatially homogeneous 
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Fig. 7. Correlations of stand structural complexity index (SSCI) per plot with mean values per plot (a) and maximum/minimum values per plot (b) of ambient air 
temperature, relative humidity, soil temperature and LST. Full green and blue lines are represented where correlations are significant, dotted lines show less sig
nificant correlations, and no line is represented for weak correlations. Green lines correspond to trend lines related to temperatures and blue lines are related to 
relative humidity. The full range (grey shaded area) is represented for all cases. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Table A 
State of mini microclimate sensor used for the study (with and without data).  

Plot Size Position of sensors Mini microclimate sensor id     

With available data Without data Total available 

Ctl1 100 m2 Ambient air 23D, 23J, 23G, 23B, 23H, 23L, 23I, 23M 23E, 23F, 23C, 23K, 23A 8/13   
Soil 23Fs, 23Js, 23Cs, 23Ls, 23As, 23Is, 23Ms 23Es, 23Ds, 23Gs, 23Ks, 23Bs, 23Hs, 7/13 

Ctl2 100 m2 Ambient air 36, 12, 52, 9, 13, 20, 44, 22, 10, 35, 11 51, 17 11/13   
Soil 51s, 36s, 12s, 52s, 17s, 9s, 13s, 20s, 44s, 22s, 10s, 35s, 11s  13/13 

Ctl3 100 m2 Ambient air 12, 52, 9, 13, 44, 22, 10, 35 51, 36, 17, 20, 11 8/13   
Soil 36s, 12s, 17s, 20s, 22s, 10s, 11s 51s, 52s, 9s, 13s, 44s, 35s 7/13 

Ctl4 (P53) 100 m2 Ambient air 28, 34, 26, 27, 32, 29, 50C, 38 41, 6, 80B, 50A, 50D 8/13   
Soil 41s, 6s, 28s, 34s, 26s, 50As, 50Ds 27s, 32s, 80Bs, 29s, 50Cs, 38s 7/13 

P50 25 m2 Ambient air 50A, 50B, 50C 50D 3/4   
Soil 50As, 50Bs, 50Cs, 50Ds  4 /4 

P9 100 m2 Ambient air 45, 30, 53, 39, 54, 42 48 6/7   
Soil 45s, 48s, 30s, 53s, 39s, 42s 54s 6/7 

P11 100 m2 Ambient air 37, 1, 2, 5, 8, 3, 46  7/7   
Soil 37s, 1s, 2s, 5s, 8s, 3s, 46s  7/7 

P13 100 m2 Ambient air 21C, 21B, 21F, 21A, 21E, 21G 21D 6/7   
Soil 21Cs, 21Bs, 21Ds, 21Fs, 21As, 21Es 21gs 6/7 

P14 100 m2 Ambient air 14, 50B, 50C, 38, 50A, 29 50D 6/7   
Soil 14s, 50Bs, 50Cs, 38s, 50As, 50Ds 29s 6/7 

P20 100 m2 Ambient air 37, 1, 2, 5, 8, 3, 46  7/7   
Soil 37s, 1s, 2s, 5s, 8s, 3, 46s  7/7 

P21 100 m2 Ambient air 21C, 21B, 21F, 21A, 21E, 21G 21D 6/7   
Soil 21Cs, 21Bs, 21Ds, 21Fs, 21As, 21Es 21Gs 6/7 

P27 100 m2 Ambient air 37, 1, 2, 5, 8, 3, 46  7/7   
Soil 37s, 1s, 2s, 5s, 8s, 3s, 46s  7/7 

P37 100 m2 Ambient air 6, 28, 34, 26, 27, 32 41 6/7   
Soil 41s, 6s, 28s, 34s, 26s, 27s, 32s  7/7 

P41 100 m2 Ambient air 6, 28, 34, 26, 27, 32 41 6/7   
Soil 41s, 6s, 28s, 34s, 26s, 27s, 32s  7/7 

P2 400 m2 Ambient air 47, 18, 55, 43, 31, 24, 40, 33 15, 25 8/10   
Soil 47s, 15s, 55s, 43s, 24s, 33s, 25s 18s, 31s, 40s 7/10 

P10 400 m2 Ambient air 47, 18, 55, 43, 31, 24, 40, 33 15, 25 8/10   
Soil 47s, 15s, 55s, 43s, 24s, 33s, 25s 18s, 31s, 40s 7/10 

P12 400 m2 Ambient air 19D, 19H, 19F, 19I, 19A, 19G 19C, 19E, 19B, 19J 6/10   
Soil 19Es, 19Hs, 19Bs, 19Is, 19As, 19Gs 19Ds, 19Cs, 19Fs, 19Js 6/10 

P15 400 m2 Ambient air 6, 28, 34, 26, 27, 32, 50B, 50C 41, 80A 8/10   
Soil 41s, 6s, 28s, 34s, 26s, 50Bs, 50Cs 27s, 32s, 80As 7/10 

P17 400 m2 Ambient air 21C, 21B, 21F, 21E, 21G, 14, 7, 4 21D, 21A 8/10   
Soil 21Ds, 21Fs, 21As, 21Es, 14s, 7s, 4s 21Cs, 21Bs, 21Gs 7/10 

P19 400 m2 Ambient air 19D, 19H, 19F, 19I, 19A, 19G 19C, 19E, 19B, 19J 6/10   
Soil 19Es, 19Hs, 19Bs, 19Is, 19As, 19Gs 19Ds, 19Cs, 19Fs, 19Js 6/10 

P30 400 m2 Ambient air 37, 2, 5, 8, 3, 46, 38, 29 1, 50 8/10   
Soil 37s, 1s, 2s, 5s, 3s, 46s, 38s 8s, 50s, 29s 7/10 

P36 400 m2 Ambient air 47, 18, 55, 43, 31, 24, 40, 33, 25 15 9/10   
Soil 47s, 15s, 55s, 43s, 24s, 33s 18s, 31s, 40s, 25s 6/10 

P38 400 m2 Ambient air 19D, 19H, 19F, 10I, 19A, 19G 19C, 19B, 19J, 19E 6 /10   
Soil 19Es, 19Hs, 19Bs, 19Is, 19As, 19Gs 19Cs, 19Fs, 19Js, 19Ds 6 /10 

P47 400 m2 Ambient air 47, 15, 18, 55, 43, 31, 24, 40 25 8/9   
Soil 47s, 15s, 55s, 43s, 24s, 40s, 25s, 18s, 31s 7/9 

P51 400 m2 Ambient air 36, 12, 52, 9, 13, 44, 22 51, 17, 20 7/10   
Soil 51s, 36s, 12s, 17s, 9s, 20s, 22s 52s, 13s, 44s 7/10 

P1 1600 m2 Ambient air 23D, 23J, 23G, 23B, 23H, 23L, 23I, 23M 23E, 23F, 23C, 23K, 23A 8/13   
Soil 23Fs, 23Js, 23Cs, 23Ls, 23As, 23Is, 23Ms 23Es, 23Ds, 23Gs, 23Ks, 23bs, 23Hs 7/13 

P7 1600 m2 Ambient air 52, 9, 13, 44, 22, 10, 35 51, 36, 12, 17, 20, 11 7/13   
Soil 36s, 12s, 17s, 20s, 22s, 10s, 11s 51s, 52s, 9s, 13s, 44s, 35s 7/13 

P23 1600 m2 Ambient air 23D, 23J, 23G, 23B, 23H, 23L, 23I, 23M 23E, 23F, 23C, 23K, 23A 8/13   
Soil 23Fs, 23Js, 23Cs, 23Ls, 23As, 23Is, 23Ms 23Es, 23Ds, 23Gs, 23Ks, 23Bs, 23Hs 7/13 

P24 1600 m2 Ambient air 45, MA, ME, 30, MC, 53, MD, 42 MF, 54, MB, 39, 48 8/13   
Soil MAs, MCs, MBs, 53s, MDs, 48s, 42s 45s, MEs, 30s, MFs, 54s, 39s 7/13 

P35 1600 m2 Ambient air 23D, 23J, 23G, 23B, 23H, 23L, 23I, 23M 23E, 23F, 23C, 23K, 23A 8/13   
Soil 23Fs, 23Js, 23Cs, 23Ls, 23As, 23Is, 23Ms 23Es, 23Ds, 23Gs, 23Ks, 23Bs, 23Hs 7/13 

P45 1600 m2 Ambient air 45, ME, 30, Mc, 53, MD, 42 48, MA, MF, 54, MB, 39 7 /13   
Soil Mas, MBs, 53s, MDs, 48s, 42s 54s, 45s, Mes, 30s, MCs, MFs, 39s 6 /13 

P46 1600 m2 Ambient air 21F, 8, 21B, 3, 21E, 2, 21G, 5 46, 21D, 1, 21A 8/12 (D   
Soil 46s, 21Fs, 21Ds, 3s, 21As, 2s, 5s 8s, 21Bs, 1s, 21Es, 21Gs 7/12  
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Table B 
Table of metrics of microclimate and LST variables per plot recorded between 10 am and 3 pm.  

Plots 
N◦

Max air 
t◦ (◦C) 

Mean air 
t◦ (◦C) 

Median air 
t◦ (◦C) 

Sd air 
t◦ (◦C) 

Min air 
t◦ (◦C) 

Max 
soil t◦

(◦C) 

Mean 
soil t◦

(◦C) 

Median 
soil t◦ (◦C) 

Sd soil 
t◦ (◦C) 

Max 
RH 
(%) 

Mean 
RH (%) 

Median 
RH (%) 

Sd 
RH 
(%) 

Min 
RH 
(%) 

Max 
LST 
(◦C) 

Mean 
LST (◦C) 

Median 
LST (◦C) 

Sd 
LST 
(◦C) 

Min 
LST 
(◦C) 

1 29.8 28.3 28.6 1.1 25.2 28.5 26.4 0.6 26.3 100 83.8 82.7 4.6 76.1 31.8 27.6 27.6 0.8 25.6 
2 29.6 28.2 28.6 1.0 25.3 27.6 26.5 0.5 26.4 100 84.2 82.8 4.2 78.3 30.5 28.5 28.5 0.5 27.3 
7 30.6 29.0 29.4 1.1 25.8 28.3 26.7 0.9 26.8 100 80.3 79.3 4.2 73.7 29.8 26.7 26.7 0.7 24.5 
9 32.9 31.0 31.1 1.0 28.8 28.2 26.7 0.6 26.7 100 73.3 72.6 5.5 63.1 34.3 31.4 31.4 0.6 29.9 
10 35.7 32.1 32.0 1.5 29.1 30.5 27.2 0.8 27.0 100 69.1 68.5 6.3 56.3 38.8 32.0 31.9 1.0 29.2 
11 34.2 31.4 31.4 1.3 28.7 30.0 27.3 0.9 27.1 100 73.8 73.6 5.9 62.7 35.5 33.5 33.6 0.7 31.7 
12 37.5 32.7 32.4 2.0 29.7 31.3 27.8 1.1 27.6 100 70.5 70.9 7.7 52.8 35.1 28.5 28.4 0.9 26.8 
13 34.9 31.5 32.2 1.9 27.7 30.6 28.5 1.1 28.6 100 64.9 61.4 11.0 49.0 45.5 34.8 34.5 2.5 29.7 
14 32.7 30.6 30.9 1.0 28.1 27.9 26.9 0.6 27.0 100 70.8 70.7 4.7 61.8 32.2 28.7 28.7 0.5 27.5 
15 32.2 28.0 27.0 2.1 25.7 28.5 27.4 0.5 27.5 100 85.6 90.4 9.1 66.4 40.6 32.2 32.1 1.6 29.2 
17 34.5 31.8 31.8 1.2 29.3 30.4 28.0 0.9 27.9 100 67.9 67.5 5.4 57.5 36.9 30.9 30.7 1.0 29.3 
19 32.9 30.6 31.2 1.6 27.6 28.5 26.8 0.5 26.7 100 66.9 62.9 10.9 50.5 44.1 34.1 33.9 1.6 30.0 
20 33.1 31.0 31.3 1.5 28.0 28.2 27.0 0.5 27.0 100 67.4 64.8 9.3 55.3 44.2 36.2 36.2 1.5 32.2 
21 32.1 30.4 30.6 0.9 28.1 29.8 27.4 1.0 27.3 100 71.2 71.5 3.9 64.1 34.0 30.5 30.3 0.9 29.0 
23 31.3 27.8 26.9 1.9 25.9 28.1 26.9 0.4 26.9 100 86.4 91.1 7.9 70.7 38.7 33.9 33.8 0.8 32.1 
24 31.9 30.2 30.8 1.4 27.4 28.1 26.6 0.5 26.6 100 70.7 67.1 10.2 55.2 39.8 32.7 32.6 1.7 28.4 
27 32.4 30.6 30.7 0.9 28.4 28.9 27.2 0.8 27.1 100 71.9 72.3 4.1 61.3 32.1 30.8 30.8 0.4 29.6 
30 31.6 27.8 27.1 1.8 25.7 27.0 26.6 0.2 26.6 100 86.0 90.7 8.3 67.0 34.3 31.5 31.6 0.9 28.8 
35 34.6 30.4 30.3 1.1 28.4 27.9 26.4 0.5 26.3 100 73.5 74.2 4.6 61.0 41.6 33.8 33.8 1.4 30.2 
36 33.9 31.2 31.1 1.1 29.0 27.9 26.9 0.5 27.0 100 70.7 71.3 4.7 58.4 41.7 33.6 33.6 1.4 30.3 
37 31.8 30.2 30.3 0.8 28.2 27.5 26.4 0.6 26.3 100 71.4 71.4 4.0 63.5 34.0 31.9 31.9 0.6 30.5 
38 38.7 32.2 32.0 1.9 29.1 31.1 27.0 1.1 26.8 100 62.5 63.1 7.5 42.5 45.5 33.4 33.1 2.4 29.5 
41 32.3 27.5 28.2 2.2 23.7 30.5 28.6 0.7 28.5 100 83.0 80.2 7.3 72.2 36.5 31.5 31.4 0.9 30.1 
45 35.1 32.3 32.4 1.4 29.2 28.6 26.4 0.7 26.2 100 60.0 59.2 6.7 48.2 45.7 32.7 32.3 1.9 29.5 
46 30.3 27.1 28.0 2.0 23.4 27.8 26.7 0.5 26.6 100 84.6 82.5 6.5 73.2 36.8 31.0 31.0 1.2 28.0 
47 31.2 27.1 27.9 2.0 23.5 27.3 26.6 0.4 26.5 100 85.1 82.9 6.8 71.7 33.2 30.0 30.0 0.7 28.6 
50 35.0 32.2 32.4 1.6 28.9 27.7 26.6 0.5 26.6 100 61.9 61.2 7.2 50.2 42.3 37.2 37.0 1.5 34.2 
51 34.4 31.8 31.8 1.4 28.9 28.2 25.9 2.4 26.5 100 63.0 62.3 6.5 50.9 41.0 35.4 35.4 1.5 31.9 
ctl1 30.6 26.9 27.8 1.9 23.322 26.8 26.2 0.3 26.2 100 83.9 81.1 6.4 73.9 29.2 27.8 27.8 0.4 26.9 
ctl2 32.2 27.8 26.9 1.9 25.691 27.5 26.4 0.3 26.3 100 86.2 90.6 8.3 67.1 31.8 29.9 29.9 0.7 28.4 
ctl3 32.8 30.5 30.9 1.5 27.566 27.9 26.8 0.5 26.7 100 68.5 65.8 10.3 51.7 32.4 31.4 31.4 0.2 31.0 
ctl4 29.5 28.1 28.4 1.0 25.5 27.8 26.5 0.6 26.5 100 83.4 82.0 4.0 77.5 34.0 31.1 31.0 0.8 29.3                

30.8 27.5 27.5 0.8 25.6                
30.6 29.3 29.3 0.4 28.0                
31.5 29.0 29.0 0.5 27.7                
26.9 25.2 25.1 0.6 24.0                
31.4 29.8 29.7 0.4 29.0                
29.9 29.1 29.1 0.2 28.6                
31.0 29.6 29.5 0.4 28.6                
34.6 31.2 31.2 1.1 28.8                
38.1 34.0 33.8 1.2 31.6                
45.9 31.3 31.1 1.8 27.9                
35.5 32.8 32.8 1.1 30.6                
34.1 30.6 30.5 0.7 28.9                
34.8 32.3 32.2 0.9 30.3                
39.2 32.2 31.8 1.6 29.6                
33.9 29.3 29.1 0.8 27.7                
36.4 31.6 31.4 0.9 30.3                
41.5 32.5 32.3 1.9 28.9                
31.2 29.3 29.2 0.5 28.4                
32.0 29.7 29.7 0.7 28.2                
37.3 30.0 29.9 0.8 28.0                
34.2 30.7 30.4 1.0 29.0                
30.5 28.7 28.7 0.5 27.7                
48.2 34.1 33.7 2.3 29.9                
34.4 29.3 29.2 0.7 27.7  
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microclimate, and hence to regulate extreme microclimate values (Von 
Arx et al., 2013). According to Fonton et al. (2011), there should be a 
minimum reasonable plot size suitable to assess tree species behaviour. 
Most living organisms are microclimate dependent and, we were able to 
confirm that plot size regulates mean and extreme microclimate values 
over our study period. 

4.3. Effect of species diversity and stand structural complexity 

No significant effect of species diversity on microclimate nor on LST 
were observed, but few differences were observed between some cate
gories (Fig. 6). For example, management-as-usual control plots had a 
lower max and mean LST and lower max ambient air temperature 
compared to the most diverse plots (diversity level 6). One reason to 
explain this is the fact that in the Biodiversity Enrichment Experiment, 
high transpiration by oil palms and relatively low transpiration by trees 
were observed (Ahongshangbam et al., 2019; Ellsäßer et al., 2021). The 
result also suggests that four years after establishment of the experiment, 
mixed-species tree planting does not yet enhance the buffering capacity 
of high temperatures in oil palm plantations, which is lower as compared 
to forests (Meijide et al., 2018). Recovery of ecosystem functions are 
long-term dynamics (Ghazoul and Chazdon, 2017) and further research 
is needed to investigate the effect of mixed-species tree planting on 
microclimate regulation over time. 

We also found that plots with three species planted (diversity level 3) 
had a lower mean and max LST, higher mean and min RH and lower max 
air temperature, compared to plots where no trees were planted (di
versity level 0). This could be explained by the performance of particular 
tree species (e.g., Peronema canescens, Archidendron pauciflorum and 
Parkia speciosa) and their complementarity in mixed neighbourhoods 
(Zemp et al., 2019b), which increased occupation of space and stand 

Table C 
State of plots with available mini microclimate sensors (hygrochron and thermochron) considering microclimate variables acquisition. Plot number with available and 
missing data, and percentage of available mini microclimate sensor were determined for each plot size category.  

Plot sizes 25 
m2 

Available mini 
microclimate 
sensor 

100 
m2 

Available mini 
microclimate 
sensor 

400 
m2 

Available mini 
microclimate 
sensor 

1600 
m2 

Available mini 
microclimate 
sensor 

Control 
(100 m2) 

Available mini 
microclimate 
sensor 

Plots and Available 
mini microclimate 
sensors 

P50 Amb: 3/4 P9 Amb: 6/7 P2 Amb: 8/10 P1 Amb: 8/13 Ctl1 Amb: 8/13   

Soil: 4/4  Soil: 6/7  Soil: 7/10  Soil: 7/13  Soil: 7/13    
P11 Amb: 7/7 P10 Amb: 8/10 P7 Amb: 7/13 Ctl2 Amb: 11/13     

Soil: 7/7  Soil: 7/10  Soil: 7/13  Soil: 13/13    
P13 Amb: 6/7 P12 Amb: 6/10 P23 Amb: 8/13 Ctl3 Amb: 8/13     

Soil: 6/7  Soil: 6/10  Soil: 7/13  Soil: 7/13    
P14 Amb: 6/7 P15 Amb: 8/10 P24 Amb: 8/13 Ctl4 

(P53) 
Amb: 8/13     

Soil: 6/7  Soil: 7/10  Soil: 7/13  Soil: 7/13    
P20 Amb: 7/7 P17 Amb: 8/10 P35 Amb: 8/13       

Soil: 7/7  Soil: 7/10  Soil: 7/13      
P21 Amb: 6/7 P19 Amb: 6/10 P45 Amb: 7/13       

Soil: 6/7  Soil: 6/10  Soil: 6/13      
P27 Amb: 7/7 P30 Amb: 8/10 P46 Amb: 8/12       

Soil: 7/7  Soil: 7/10  Soil: 7/12      
P37 Amb: 6/7 P36 Amb: 9/10         

Soil: 7/7  Soil: 6/10        
P41 Amb: 6/7 P38 Amb: 6/10         

Soil: 7/7  Soil: 6/10          
P47 Amb: 8/9           

Soil: 7/9          
P51 Amb: 7/10           

Soil: 7/10      

Sub-total plot / 
Available mini 
microclimate 
sensor (%) 

1 
plot 

84% 9 
plots 

87% 11 
plots 

71% 7 
plots 

57% 4 plots 66%  

Total plot Nb. 32  

Missing plot Nb.            

Table D 
Plot sizes and diversity levels of planted tree species for investigated plots.  

Plot ID Plot sizes (m2) diversity level of planted tree species 

50 25 6 
9 100 3 
11 100 1 
13 100 1 
14 100 1 
20 100 1 
21 100 6 
27 100 2 
37 100 0 
41 100 1 
53 100 ctrl 
54 100 ctrl 
55 100 ctrl 
56 100 ctrl 
2 400 3 
10 400 0 
12 400 1 
15 400 1 
17 400 1 
19 400 6 
30 400 1 
36 400 2 
38 400 1 
47 400 2 
51 400 1 
1 1600 1 
7 1600 3 
23 1600 6 
24 1600 2 
35 1600 0 
45 1600 1 
46 1600 2  
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structural complexity (Zemp et al., 2019a). While natural regeneration 
provides multiple benefits (Ghazoul and Chazdon, 2017), our results 
indicate that mixed-species tree planting is more efficient for fast 
regulation of microclimate. 

Lower temperatures and higher RH in more structurally complex 
plots expressed by the negative correlation between SSCI and mean/max 
ambient air temperature, and soil temperature (Fig. 7), confirmed our 
last hypothesis. One reason why experimental plots where no tree was 
planted (diversity level 0) had in general higher temperatures and lower 
humidity than the control plots in the conventional oil palm plantation 
is that, few years of natural regeneration did not yet lead to high 
structurally complexity (Zemp et al. 2019). These patterns might change 

over time as natural succession continues. However, it was more sur
prising that several experimental plots with planted trees exhibited 
higher air and soil temperature than control plots, despite the former 
being more structurally complex than the latter (Zemp et al. 2019a). One 
potential reason could be the thinning of oil palms that reduced canopy 
cover in the experimental plots (Khokthong et al., 2019). Here, most 
non-thinned (25 m2 plots) plots were excluded from our analysis for 
practical reasons (there were not visible from drone images). Hence, 
maintaining canopy cover in the oil palm plantations and enhancing 
structural complexity appear appropriate for microclimate regulation. 
These results are in line with previous studies in other oil-palm domi
nated tropical landscapes, where canopy height clearly reduced extreme 
microclimate patterns (Jucker et al., 2018) and vegetation quality 
affected temperature and humidity (Williamson et al., 2020). Ehbrecht 
et al. (2019) observed that canopy cover is a major driver of microcli
mate and found a small effect of structural heterogeneity on diurnal 
thermal ranges in temperate forest ecosystems. Our results hence 
confirm the importance of vegetation and stand structural complexity to 
dampen microclimate and LST values. An efficient management of 
vegetation structural composition might consequently alleviate future 
extreme climatic patterns regarding the major problematic of climate 
change. 

5. Conclusion 

Combining microclimate and LST measured using mini microclimate 
sensors and drone-based thermal images respectively, our results 
revealed a positive correlation between the two variables. Overall, 
ambient air temperatures and LST were lower in mixed-species tree 
planting than in natural regeneration, but higher compared to conven
tionally managed oil palm plantations. In our experimental plots, we 
found that both larger plot sizes and stand structural complexity favour 
relatively low average temperatures, but high RH values. We conclude 
that an efficient management of structural variables in oil palm agro
forestry might positively affect the microclimate or LST, and conse
quently positively contribute to biodiversity and ecosystem functions 
enhancement. 

CRediT authorship contribution statement 

Laura Donfack Somenguem: Conceptualization, Methodology, 
Data curation, Formal analysis, Writing - original draft. Alexander Röll: 
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Table M 
Stand Structural Complexity indexes (SSCI) 
per plot.  

Plot ID SSCI 

1 4.082572 
2 5.165621 
3 2.822266 
4 3.301163 
5 3.613564 
6 4.879831 
7 5.200806 
8 3.393403 
9 4.683438 
10 3.281583 
11 4.515193 
12 2.73073 
13 3.922131 
14 3.865213 
15 4.20872 
16 4.112726 
17 3.672592 
18 4.359892 
19 4.004061 
20 3.74404 
21 4.634974 
22 4.788195 
23 4.698118 
24 4.435099 
25 4.901599 
26 4.183125 
27 5.299723 
28 5.042329 
29 3.771563 
30 4.270262 
31 5.305847 
32 3.081899 
33 5.707363 
34 3.88871 
35 3.571496 
36 3.552541 
37 3.726377 
38 3.631278 
39 4.163249 
40 5.380483 
41 3.753486 
42 4.242157 
43 3.245299 
44 5.646276 
45 5.637914 
46 5.976888 
47 6.388292 
48 4.756789 
49 4.757572 
50 3.188684 
51 5.01727 
52 4.43871  
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Table G1 
Temperatures.  

N◦ Mini microclimate sensors’ serial number mini microclimate sensors’ name Count Interception P.Value R2 Slope Standard error 

1 640000004A8A0E41_temp MFs 73 4.206 0 0.9409 0.873 0.0252 
2 670000004A92D941_temp 23Hs 54 − 0.367 0 0.9604 0.977 0.0277 
3 670000004A92D941_temp 23Hs 55 14.61 0.0001 1 0.96 0.129 
4 670000004A92D941_temp 23Hs 59 3.155 0 0.9216 0.859 0.0338 
5 6A0000004A884541_temp 21Fs 54 7.32 0 0.9801 0.728 0.0133 
6 6A0000004A884541_temp 21Fs 18 5.494 0 0.8649 0.769 0.075 
7 6B0000004A8E9641_temp N12s 73 4.383 0 0.9409 0.872 0.0251 
8 6B0000004A8E9641_temp N12s 54 7.714 0 0.9025 0.75 0.0325 
9 6C0000004A8A4241_temp 40s 21 11.446 0 0.77 0.8 0.109 
10 700000004A899B41_temp 2s 73 3.994 0 0.9409 0.885 0.0248 
11 700000004A899B41_temp 2s 54 7.797 0 0.9025 0.742 0.0321 
12 710000004A880741_temp 50Bs 31 15.603 0.0001 0.4096 0.527 0.1169 
13 760000004A88B741_temp MDs 16 4.154 0 0.9216 0.882 0.0708 
14 790000004A7BD841_temp N9s 52 3.295 0 0.9025 0.836 0.0402 
15 7E0000004A845741_temp 19Es 54 2.123 0 0.9604 0.945 0.0253 
16 7E0000004A845741_temp 19Es 21 11.494 0 0.77 0.8 0.1086 
17 7E0000004A845741_temp 19Es 54 7.623 0 0.9216 0.756 0.0325 
18 810000004A87C741_temp 23Bs 54 1.181 0 0.9604 0.973 0.0251 
19 810000004A87C741_temp 23Bs 73 4.659 0 0.9409 0.866 0.0254 
20 810000004A87C741_temp 23Bs 16 14.024 0 0.9025 0.52 0.0453 
21 820000004A847A41_temp 51s 56 5.051 0 0.9216 0.8 0.0329 
22 830000004E6A2941_temp 18 73 4.672 0 0.9409 0.867 0.0264 
23 830000004E6A2941_temp 18 16 14.05 0 0.9025 0.516 0.0464 
24 8B0000004A868141_temp 35s 73 4.07 0 0.9409 0.891 0.0253 
25 960000004A930241_temp N13s 73 0.99 0 0.9409 0.978 0.0266 
26 960000004A930241_temp N13s 18 5.469 0 0.8649 0.771 0.0746 
27 980000004E685941_temp 19H 54 − 5.888 0 0.9801 1.173 0.0258 
28 980000004E685941_temp 19H 55 14.574 0.0001 1 0.95 0.1283 
29 980000004E685941_temp 19H 59 2.987 0 0.9216 0.863 0.0322 
30 9D0000004E69E341_temp 23I 54 5.879 0 0.9604 0.822 0.0255 
31 9D0000004E69E341_temp 23I 60 2.075 0 0.9409 0.886 0.0285 
32 A40000004A7D0F41_temp 16s 60 3.073 0 0.9409 0.848 0.0295 
33 AD0000004E6A7941_temp 19 54 4.889 0 0.9604 0.855 0.0258 
34 AD0000004E6A7941_temp 19 73 4.49 0 0.9409 0.872 0.0255 
35 AE0000004A843941_temp 23Fs 54 0.727 0 0.9604 0.937 0.0253 
36 AE0000004A843941_temp 23Fs 55 14.672 0.0001 1 0.96 0.1291 
37 AE0000004A843941_temp 23Fs 18 5.346 0 0.8649 0.773 0.0737 
38 AE0000004E664341_temp 14 73 4.713 0 0.9409 0.864 0.0264 
39 AE0000004E664341_temp 14 54 8.142 0 0.9025 0.731 0.0327 
40 B00000004A903541_temp 6s 21 11.337 0 0.77 0.81 0.1105 
41 B00000004A903541_temp 6s 59 2.237 0 0.9216 0.875 0.0317 
42 B10000004A866F41_temp 23Is 46 4.565 0 0.8281 0.811 0.0545 
43 B10000004A866F41_temp 23Is 55 12.093 0 1 0.94 0.1177 
44 B10000004A866F41_temp 23Is 60 3.349 0 0.9216 0.845 0.0329 
45 B50000004E643341_temp 53 73 4.53 0 0.9409 0.873 0.0262 
46 B50000004E671841_temp 21F 54 − 7.911 0 0.9604 1.259 0.0336 
47 B50000004E671841_temp 21F 22 7.534 0 0.62 0.9 0.1401 
48 B50000004E671841_temp 21F 59 2.944 0 0.9216 0.863 0.0325 
49 BA0000004A8B0041_temp 11s 34 2.734 0 0.8649 0.91 0.0643 
50 BA0000004A8B0041_temp 11s 60 3.41 0 0.9216 0.841 0.0318 
51 BD0000004E69CA41_temp N6 46 − 1.517 0 0.8464 1.048 0.0662 
52 BD0000004E69CA41_temp N6 73 4.341 0 0.9409 0.877 0.0255 
53 BD0000004E69CA41_temp N6 16 13.92 0 0.9025 0.519 0.0448 
54 BF0000004A804041_temp 50As 21 11.421 0 0.77 0.8 0.1093 
55 BF0000004A804041_temp 50As 58 3.247 0 0.9216 0.852 0.0341 
56 C30000004A869F41_temp 53s 73 4.459 0 0.9409 0.876 0.025 
57 C30000004A869F41_temp 53s 54 8.591 0 0.9025 0.724 0.0331 
58 C70000004E686F41_temp 19A 46 − 0.852 0 0.8836 1.031 0.0545 
59 C70000004E686F41_temp 19A 73 4.504 0 0.9409 0.869 0.0255 
60 C70000004E686F41_temp 19A 16 13.885 0 0.9025 0.521 0.0459 
61 CD0000004E61E141_temp 19G 54 − 6.531 0 0.9604 1.253 0.032 
62 CD0000004E61E141_temp 19G 73 4.46 0 0.9409 0.871 0.0253 
63 CE0000004A802641_temp MAs 54 7.662 0 0.9216 0.756 0.0319 
64 D40000004A8A1B41_temp 23Ls 46 9.666 0 0.7921 0.719 0.0563 
65 D50000004E621E41_temp 21E 54 0.999 0 0.9604 0.977 0.0258 
66 D50000004E621E41_temp 21E 73 4.33 0 0.9409 0.877 0.0253 
67 D90000004A865841_temp N15s 72 4.115 0 0.9409 0.887 0.0254 
68 DB0000004A7D1041_temp 19Is 54 − 2.988 0 0.9801 1.066 0.0253 
69 DB0000004A7D1041_temp 19Is 55 14.234 0.0001 1 0.96 0.1294 
70 DE0000004A896F41_temp 46s 60 3.433 0 0.9216 0.846 0.0339 
71 E10000004A82C141_temp 41s 54 8.341 0 0.9025 0.728 0.0316 
72 E40000004E69C941_temp 43 20 12.429 0 0.77 0.79 0.1127 
73 E40000004E69C941_temp 43 54 7.553 0 0.9216 0.753 0.0307 
74 E50000004A926E41_temp 19As 54 − 1.882 0 0.9801 1.079 0.0253 

(continued on next page) 
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Table G1 (continued ) 

N◦ Mini microclimate sensors’ serial number mini microclimate sensors’ name Count Interception P.Value R2 Slope Standard error 

75 E50000004A926E41_temp 19As 73 4.566 0 0.9409 0.874 0.0252 
76 E50000004A926E41_temp 19As 54 7.856 0 0.9025 0.748 0.0329 
77 EC0000004A8DA941_temp 23As 54 8.463 0 0.9801 0.692 0.015 
78 EC0000004A8DA941_temp 23As 21 10.6 0 0.77 0.79 0.1106 
79 ED0000004A7D9441_temp 21As 46 0.915 0 0.8464 0.921 0.0577 
80 ED0000004A7D9441_temp 21As 55 14.396 0.0001 1 0.97 0.1297 
81 ED0000004A7D9441_temp 21As 18 5.07 0 0.8649 0.775 0.0753 
82 EE0000004A8DBA41_temp 21Ds 54 − 5.229 0 0.9801 1.134 0.0256 
83 EE0000004A8DBA41_temp 21Ds 55 14.348 0.0001 1 0.97 0.1287 
84 EE0000004A8DBA41_temp 21Ds 59 2.951 0 0.9216 0.861 0.033 
85 F00000004A81F741_temp 42s 73 4.442 0 0.9409 0.873 0.025 
86 F00000004A81F741_temp 42s 16 13.872 0 0.9025 0.525 0.0446 
87 F70000004E675941_temp 21G 54 6.395 0 0.9604 0.759 0.0227 
88 F70000004E675941_temp 21G 55 14.532 0.0001 1 0.96 0.1286 
89 F70000004E675941_temp 21G 59 3.02 0 0.9216 0.864 0.0339 
90 FA0000004E649D41_temp 47 73 4.742 0 0.9409 0.86 0.026 
91 FC0000004E691D41_temp N4 54 − 1.091 0 0.9801 1.043 0.0245 
92 FC0000004E691D41_temp N4 73 4.454 0 0.9409 0.872 0.0254  

Average values 5.683 0.000 0.913 0.856 0.050     

Table G2 
Relative humidity.  

N◦ Mini microclimate sensors’ serial number mini microclimate sensors’ name Count Interception P.Value R.2 Slope Standard error 

1 280000004E64E041_RH 50C 46 16.084 0 0.81 0.701 0.0516 
2 530000004E696C41_RH N5 54 − 2.367 0 0.8649 0.991 0.0547 
3 9D0000004E69E341_RH 23I 54 24.18 0 0.9409 0.553 0.0203 
4 AD0000004E6A7941_RH 19 54 21.514 0 0.9025 0.594 0.0269 
5 BD0000004E69CA41_RH N6 46 15.152 0 0.7225 0.701 0.0646 
6 C70000004E686F41_RH 19A 46 15.285 0 0.7921 0.706 0.0557 
7 CD0000004E61E141_RH 19G 54 − 19.883 0 0.8836 1.296 0.0627 
8 D50000004E621E41_RH 21E 54 10.96 0 0.8836 0.798 0.04 
9 FC0000004E691D41_RH N4 54 8.982 0 0.8836 0.813 0.0419 
10 080000004E6B4E41_RH 25 55 − 1.99 0 0.9801 1.101 0.0262 
11 1E0000004E632B41_RH 6 55 − 6.506 0 0.9604 1.156 0.0305 
12 280000004E64E041_RH 50C 55 1.997 0 0.9801 1.011 0.0197 
13 430000004E667341_RH N7 22 2.836 0.0001 0.5625 1 0.1959 
14 530000004E696C41_RH N5 55 0.843 0 0.9801 1.03 0.0201 
15 830000004E6A2941_RH 18 55 − 4.273 0 0.9604 1.123 0.0282 
16 AD0000004E6A7941_RH 19 55 1.511 0 0.9801 1.022 0.0174 
17 AE0000004E664341_RH 14 55 − 2.893 0 0.9801 1.113 0.0239 
18 B50000004E643341_RH 53 55 − 5.97 0 0.9801 1.155 0.0259 
19 BD0000004E69CA41_RH N6 55 0.834 0 0.9801 1.025 0.0216 
20 C70000004E686F41_RH 19A 55 2.42 0 0.9801 1.01 0.0188 
21 CD0000004E61E141_RH 19G 55 0.576 0 0.9801 1.044 0.0211 
22 D50000004E621E41_RH 21E 55 − 1.016 0 0.9801 1.073 0.0217 
Average 3.558 0.00 0.907636 0.955273 0.040427  

Table H 
Result of ANOVA test between distances from plot centre for three variables (maximum ambient air temperature, maximum soil temperature, minimum relative 
humidity). See corresponding illustrations in Appendix J.  

Variables Sum Sq Mean Sq NumDF DenDF F value Pr(>F) 

Max ambient air temperature 1.095 1.095 1 32.39 12.70 0.001162 ** 
Max soil temperature 4.84 4.84 1 25.04 37.30 2.189e-06 *** 
Min relative humidity 15.57 15.57 1 31.58 19.57 0.0001077 ***  
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