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Abstract: Lianas (woody vines) are important non-structural elements of all tropical forests. Current
field observations across the Neotropics suggest that liana abundance is rising as a result of forest
disturbance, increasing atmospheric CO,, and more frequent extreme climate events. Lianas can
cause mechanical stress on their host trees, thus increasing mortality, in addition to potentially
reducing carbon storage capacity. Furthermore, previous studies have suggested that liana leaves
have an overall higher temperature than tree leaves, which presents the question of whether these
differences can be extended from the leaf to the canopy. In this context, the ability to detect these
temperature differences from a remote sensing platform has so far not been put into test, despite
the importance such knowledge can have in large-scale land surface modeling studies and liana
extent monitoring. To partially fill this knowledge gap, we acquired thermal infrared data using
an unmanned aerial vehicle (UAV) system over an intermediate tropical dry forest in Costa Rica,
Central America. Classification results from a previous study in the same area were used to subset
the thermal infrared images into liana-infested areas, non-liana infested areas, and forest gaps.
The temperature differences between these three image components were then investigated using the
Welch and Games-Howell post-hoc statistical tests. Our results suggest that liana-infested areas have,
on average, a statistically significant higher temperature than non-liana infested areas. Shadowed
forest gaps, used as reference, have a cooler temperature than forest canopies. Our findings on
the temperature differences between liana-infested and non-liana infested areas support previous
leaf-level observations and open the door to the use of new approaches for the classification and
modeling of liana infestation in tropical ecosystems.

Keywords: lianas; temperature difference; thermal infrared; remote sensing; unmanned aerial vehicle
system; tropical dry forest

1. Introduction

Tropical forests contain more than half of all terrestrial species and are considered as regions of
high biological diversity [1,2]. Today, the structure of these important ecosystems is changing fast as a
result of direct and indirect consequences of forest clearance and other anthropogenic activities [3].
Increasing amplitude and frequency of extreme climate events such as local and regional-scale droughts,
linked to the global climate change and increasing CO; levels in the atmosphere, have already made
tropical forests more vulnerable to large-scale die-offs [4]. These consequences of anthropogenic
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activities have led to structural changes, one of the most prominent being an increase in the abundance
of lianas [1].

Lianas are a diverse group of polyphyletic non-self-supporting woody climbing plants found
in forests throughout the world but are most abundant and diverse in tropical forests, especially in
those ecosystems where the mean annual precipitation is less than 2000 mm [5,6]. Liana infestation is
a dynamic phenomenon [7] that plays an important role in ecosystem-level processes such as forest
regeneration and species diversity [8]. Liana infestation can stunt the growth and regeneration of their
host trees [9-11]. In its most severe form, liana infestation can increase tree mortality [7,12,13].

Lianas appear to restrain non-pioneer tree survival, while enhancing pioneer tree survival indirectly [14]
and as such limit tree diversity in gaps [15]. Moreover, liana-infested trees produce significantly fewer
fruits and have reduced nut fresh weights when compared to non-liana infested trees [16]. In addition
to affecting the biodiversity of tropical forests in complex ways, lianas are considered to be major
silvicultural pests for the tropical timber industry [17,18] as a result of reducing tree growth, with
a direct impact on timber production [19]. A deep understanding of the properties of lianas has
particular relevance in tropical areas where lianas can be present on over 50% of individual trees [7].

Lianas are readily responding to increased atmospheric CO, concentrations [20] and forest
disturbance [8]. From a global perspective and considering that tropical forests contribute approximately
one-third of the global terrestrial carbon stocks [21], the increasing abundance of lianas in tropical
forests may also result in serious repercussions to the global carbon cycle by reducing their carbon
storage capacity [9,13,21,22] and altering the mechanisms of aboveground carbon storing through
increased mortality and reduced tree growth [23].

Despite the recognition of the ecological and economic effects of the increasing liana abundance in
tropical forests, there is thus far little research on the effects of lianas on the tropical canopy temperature.
One of the first studies to document the impact of lianas on the temperature of tropical canopies was
conducted by Sanchez-Azofeifa et al. who documented that liana leaves have a generally higher
temperature than their host tree leaves [24]. Following this finding, Guzman et al. acquired thermal
infrared data in Panama to study the temperature differences between lianas and their host trees [25].
Their studies suggest that liana leaves have higher average temperatures than tree leaves, but no
clear effects (either negative or positive), induced by the presence of lianas, could be observed in the
temperature of the host trees.

The question of why liana leaves have higher temperatures than tree leaves can appear
counterintuitive in the light of the study by Schnitzer et al. who found that lianas thrive under
conditions of high evapotranspiration demand [1], e.g., during a dry season. Lianas are known
to demonstrate a high stomatal control and thus, a limited water loss during drought events [26].
As argued by McDowell et al. [27], stomatal closure can help the plant avoid mortality by hydraulic
failure but in the long term, lead to carbon starvation and decreased resistance. Thus, stomata
eventually need to be reopened to avoid carbon starvation and also to avoid the overheating of the
leaves [28,29]. Given that lianas are well adapted to grow under drought [30], they could be expected
to be cooler and not hotter than their surrounding plants. However, leaf temperatures are effectively
determined by a complex interplay of factors such as the ambient temperature and transpiration [31].
Moisture depletion in plants leads to stomatal closure, reduced transpiration, and eventually higher
canopy temperatures [32]. Thus, the higher temperatures of lianas can result from a short-term survival
strategy of stomatal closure during the hottest time of the day.

The association between plant temperature and vigor has long been recognized and studied by
using, initially, thermal contact sensors ([33] and references therein) and, later, infrared thermometry
(e.g., [34,35]). Carlson et al. were one of the first to suggest that the moisture content of vegetated areas
can be inferred from satellite thermal infrared imagery [36], a finding that was applied into practice,
e.g., by Taconet et al. who used the imagery of National Oceanic and Atmospheric Administration
(NOAA) to infer the relationship between the surface temperatures and the water supply (soil moisture
content) of vegetation [37]. Heilman et al. were among the first to estimate the evapotranspiration
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of vegetation using an airborne thermal scanner [38]. With the advent of more lightweight imaging
sensors and, more recently, with the proliferation of unmanned aerial vehicle (UAV) systems, thermal
scanners have become a popular choice for thermal infrared monitoring and analysis of the health and
vigor of vegetation (see e.g., [39] and references therein).

Irrespective of the increasing abundance, and thus of the importance of lianas in the tropics, the
ability to detect lianas has not yet been studied using thermal infrared data acquired from a remote
sensing platform. The question of whether the potential temperature differences between liana and
tree leaves can be detected using remote sensing UAV data is important because it can enhance the
current ability to detect lianas. To this end, we mounted a thermal infrared camera on a UAV and
used this setup to acquire data over a study area located in a tropical dry forest in Costa Rica, Central
America, during the peak of the growing season. The analysis of the thermal infrared data used in this
paper builds on a previous study and results by Li et al. [40], who analyzed multispectral imagery
from the same study area and in this process, separated the imagery into its various components:
liana-infested areas, non-liana infested areas, gaps (areas within the forest with canopies (leaf height of
the tallest stems) noticeably lower than in adjacent areas [41]), and dead trees.

The fundamental purpose of this study is to partially fill the knowledge gap on the potential to
detect lianas using thermal infrared imagery acquired through a remote sensing platform.

2. Materials and Methods

2.1. Study Area

This study was conducted at the Santa Rosa National Park Environmental Monitoring Super
Site (SRNP-EMSS; 10°50” N, 85°42” W), located in the Province of Guanacaste, Costa Rica (Figure 1).
The SRNP-EMSS covers an area of approximately 495 km?. The average annual temperature is
25 °C, and the average annual precipitation is 1575 mm [42], falling in the form of rain over an
average of 256.3 days per year. The wet season extends from May to November, and the dry season
extends from November to April. This site conforms to the definition of tropical dry forests by
Sanchez-Azofeifa et al. [43]: The mean annual temperature is >25 °C, the total annual precipitation
ranges between 700 and 2000 mm, and there are three or more dry months every year.
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Figure 1. The study area in the province of Guanacaste, Costa Rica. The inset map shows the study

area as a red rectangle overlain on a red, green, and blue (R: 668 nm, G: 560 nm, B: 475 nm) composite
image acquired by an unmanned aerial vehicle (UAV) with a spatial resolution of 0.15 m.
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The study area is covered by a tropical dry forest classified into three successional stages based on
their time since abandonment: early (1 year to 20 years), intermediate (20 years to 55 years), and old
(more than 55 years) stages (estimated after Kalacska et al. and Li et al. [40,44]). When compared to the
early and old stages, the intermediate stage has a relatively high abundance of lianas, and thus this
study was conducted in an area that predominantly comprises intermediate-stage forest patches.

2.2. Data Acquisition

The UAV data were acquired on 28 June, 2016 using a RotorKonzept® RK-8x multicopter UAV
(RKM - RotorKonzept Multikoptermanufaktur GmbH, Abtsteinach, Hessen, Germany) platform.
Two successive flights were conducted to cover the whole study area. The first flight took place
between 16:39 and 16:43, and the second flight took place between 16:53 and 16:57. The data acquisition
was delayed from the planned time (noon) due to inclement weather conditions (occasional showers).
The side overlapping rate of the flight routes was 85%, and the forward overlapping rate was ~75%—-85%.
The data were acquired at 120 m height above ground level under mostly sunny conditions.

Two cameras were mounted on the UAV platform for simultaneous data acquisition: (i) A thermal
infrared camera and (ii) a multispectral camera. The thermal infrared data were acquired at 60 Hz,
using a FLIR TAU® 2 (FLIR Systems, Wilsonville, OR, USA) 640 broadband camera that collects
snapshot images of 640 x 512 pixels in the (7.5 to 13.5) um wavelength range and registers the thermal
response with 14 bit depth. This uncooled camera has a temperature range from —40 to 550 °C and an
operating temperature range from —40 to 80 °C. The camera system is calibrated out of the shelf by FLIR
with an accuracy of 0.05 K. The multispectral data were acquired using a MicaSense® RedEdgeTM
camera (MicaSense Inc., Seattle, WA, USA), which collects data in the 400-900 nm wavelength range in
five bands (blue = 475 nm, green = 560 nm, red = 668 nm, “red edge” = 717 nm, and near-infrared
= 840 nm). These bands have the following spectral resolutions: 20 nm (blue and green bands),
10 nm (red and red edge bands), and 40 nm (near-infrared bands). The multispectral data analysis is
described in detail by Li et al. [40] and summarized here. Li et al. applied deep self-encoding network
(DSEN) classification algorithms to multispectral UAV data to estimate the relative coverage of dead,
liana-infested, non-liana infested trees, and gaps in the study area. In practice, this was conducted
by generating a set of multi-spectral data-derived features (e.g., spectral value features, principal
components, and texture features) and providing them to the DSEN to classify the study area into the
following image components: Dead trees, liana-infested areas, non-liana infested areas, and gaps [40].
Li et al. further used a set of 57 field observations to guide and validate their data analysis [40].

Due to the different instantaneous field of views (IFOVs) of the cameras, the multispectral and
thermal infrared images have different spatial resolutions (0.15 m for the thermal infrared data and
0.08 m for the multispectral data).

2.3. Methods

We conducted the data preprocessing in three steps. First, the individual multispectral and
thermal infrared images were separately aligned, and from these images, georeferenced orthomosaics
were built using ArcGIS 10.5.0 (Esri, Redlands, CA, USA). In practice, the thermal orthomosaics
were georeferenced using 10 ground control points acquired using a precise differential GPS system
(Trimble® GeoXT6000; Trimble Inc., Sunnyvale, CA, USA) with an average horizontal precision of
0.5 m and a vertical precision of 0.54 m. These ground control points (GCPs) were obtained during
two field campaigns, as detailed in Li et al. [40]. The spatial resolution of the multispectral image was
resampled from 0.08 m to 0.15 m (the resolution of the thermal infrared image). Second, using the
georeferenced multispectral orthomosaics, a smaller subset area (2.7 ha) of the larger area flown by the
UAV (9.8 ha) was chosen for further data analysis because of its predominance of intermediate-stage
forest. The successional stage was determined by Li et al. [40]. The thermal infrared data were then
spatially subset to coincide with this area. Third, areas classified as liana-infested, non-liana infested,
and gaps were extracted using ENVI® 5.0 (L3Harris™, Melbourne, FL, USA) from the thermal infrared
image, using the classification results by Li et al. [40]. Here, liana-infested areas refer to pixels that
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have different levels of liana infestation. The study was conducted during the rainy season (the peak
of the growing season) because in the study area trees commonly shed their foliage during the dry
season, and hence, no reliable results could have been obtained using the methodology by Li et al. [40].

Afterward, a spatial statistics analysis, including the optimized hotspot analysis and the spatial
autocorrelation analysis, was conducted on the extracted thermal infrared image of liana-infested
area to study how the lianas were distributed. The optimized hotspot analysis was used to show the
significant “hot” and “cold” spots, indicating clustered and dispersed areas, respectively. The spatial
autocorrelation analysis was used to calculate the Moran’s index I and the p value in order to assess
the overall distribution pattern of the lianas. All spatial statistics analyses mentioned were conducted
using ArcGIS 10.5.0 (Esri, Redlands, CA, USA).

In the study area, the average tree heightis 10 m [44]. As the flight height of the study was 120 m, the
atmospheric column was, on average, 110 m between the sensor and the canopy. When the atmospheric
column is approximately 100 m, the differences between surface and sensor radiances are minimal as a
result of the narrow atmospheric column that minimizes the scattering and absorption effects induced
by atmospheric gases and aerosols [45]. Thus, it was not deemed necessary to atmospherically correct
the thermal infrared data. In addition, due to the short flight time of less than 5 min, no change in air
temperature could be observed, as indicated by simultaneous field measurements.

Next, on the basis of the FLIR documentation, a linear equation (1) was used to convert the raw
intensity digital number (DN) values registered by the FLIR TAU® 2 camera into degrees Celsius
(FLIR 2016). The export of the single FLIR files was done by using 16bit TIFF-files, a conversion factor
that was integrated in Equation (1).

DN

2161
21

LST = x 0.04 —273.15 1)

To account for the large sample size and known positive autocorrelation (I Moran = 0.954),
statistical analyses (Levene’s test, Kolmogorov—Smirnov test, Welch'’s test, and Games—-Howell post-hoc
test, see below for details) were conducted on a random sample taken from the entire dataset. In practice,
this random sample comprised 384 observations per image component (liana-infested areas, non-liana
infested areas, and gaps). The sample size was selected considering the pixel size of each image
component (liana-infested, liana-free, and gaps). Since the sample size was relatively large, theoretically
the sample means of each of our image components would follow a normal distribution (see Central
Limit Theorem). As such, we selected a random sample from each class (using a 50% response
distribution assumption), which would provide us a confidence interval of 95% (« = 0.05).

Finally, statistical analyses were conducted to study the inherent properties of the dataset. These
analyses were conducted using the subset sample consisting of 384 samples per image component,
as discussed above. First, Levene’s test of homogeneity of variances [46] was used to compare the
variances of the image components. Second, the Kolmogorov-Smirnov [47] test was used to compare
the residuals of the subset sample against a reference probability distribution. Third, the Welch’s
test [48,49] and the Games-Howell post-hoc test [50] were used to test if there were differences among
the temperatures of the image components. These statistical tests (Welch’s and Games-Howell) were
selected on the basis of the results from Levene’s test and Kolmogorov-Smirnov test (non-normal data
distribution). Both tests are robust against non-normal data distributions [50,51]. More specifically the
Games-Howell post-hoc test was utilized to test if there were special groups differing from the overall
results. All statistical analyses were conducted using IBM® Spss® (IBM, Armonk, NY, USA) statistics
25 at a 95% confidence interval.

3. Results

3.1. Spatial Distribution of the Image Components

Among the image components, extracted from the thermal infrared imagery and shown in
Figure 2a—c, the liana-infested areas (Figure 2a, 225,647 pixels, 19.1%) covered the smallest surface area,
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whereas the non-liana infested areas covered the largest surface area (Figure 2b, 420,811 pixels, 35.6%).
Gaps (Figure 2c, 307,126 pixels) covered the second largest surface area (26.0%). In addition, 19.2% of
the pixels inside the study area were unclassified. These pixels belonged to the category of dead trees

according to Li et al. [40], a category that was left out, since studying and comparing dead tree surface
temperatures was not part of this study.

T/°C
- 31

29
28

Figure 2. Spatial distribution of the surface temperatures of the (a) liana-infested areas (b) non-liana
infested areas, and (c) forest gaps in the study area. Land cover classes are after Li et al. [40].

The results of the spatial statistics analysis (Figure 3a,b) showed the clustered and dispersed areas

and the values of Moran’s index I (0.95) and p (0). Thus, it was documented that the lianas were not
randomly distributed.
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Figure 3. The results of the spatial statistics analysis: (a) Optimized hotspot analysis, (b) spatial
autocorrelation analysis after ArcGIS analysis.

3.2. Temperature Distributions of the Image Components

Our study suggests that forest gaps have the biggest skewness in temperature distribution (0.34),
followed by non-liana infested areas (0.31), and liana-infested areas (—0.02), but overall the data were
fairly symmetric (skewness < 0.5; interpretation: [52]). Furthermore, the data were either platykurtic,
or “flat” (liana-infested areas: —0.28; non-liana infested areas: —0.24) or very close to normal (gaps:
0.03; interpretation: [53]).

The mean values of the image components, shown in Table 1, ranged between 26.10 (gaps) and
26.67 °C (liana-infested areas), whereas the mean value of the non-liana infested areas fell in between
the extremes, being 26.26 °C. Furthermore, the temperature distribution of the different areas indicated
that the minimum and maximum temperatures of each component fell into a range from 23.52 to
30.89 °C (mean of 26.41 °C).

When assessing the temperature differences using the median values, displayed in Figure 4 and
Table 1, the same trend of liana-infested areas having a higher temperature (26.71 °C) than non-liana
infested area (26.22 °C) could be observed. Again, gaps had the lowest median temperature (26.07 °C).
Liana-infested areas showed the greatest temperature variance (0.85) of all the image components,
followed by gaps (0.81) and non-liana infested areas (0.77).

Table 1. Statistical characteristics of the canopy temperatures of the liana-infested areas, non-liana
infested areas, and gaps, Max.: Maximum, Min.: Minimum, Std. dev.: Standard deviation.

Mean (°C) Median (°C) Std. Dev. Min (°C) Max (°C)

Liana-infested areas 26.67 26.71 0.85 23.96 30.86
Non-liana infested areas 26.26 26.22 0.77 23.73 30.88
Gaps 26.10 26.07 0.81 23.52 30.89
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Figure 4. Temperature distribution percentages shown for liana-infested areas, non-liana infested areas,

and gaps.

The statistical analysis conducted using the smaller subsample of 384 temperature observations
per image component revealed that, according to the Levene’s test of homogeneity of variances,
the data were homoscedastic (F(2, 1149) = 1.899, p = 0.15, Table S1). Furthermore, based on the
Kolmogorov-Smirnov test (Table S2), the residuals of the data from each category were not normally
distributed (p = 0). Because of the non-normal data distribution, we chose the the Welch’s and
Games—-Howell post-hoc test. The results of the Welch’s test showed that there were statistically
significant differences in the temperature data set of the three categories (p = 0; Table 2). The
Games-Howell post-hoc test further suggested that these differences were significant across all
combinations of temperature, except for non-liana infested areas and gaps (Table 3). We thus rejected
the null hypothesis of the tests that the population means of the three categories were equal and
accepted the alternative hypothesis of statistically significant differences between the levels of the
independent variables (liana-infested areas, non-liana infested areas, and gaps).

Table 2. Results obtained from the Welch’s test.

Statistic 2 Df1

Df2

Sig.

Welch

43.15510 2 764.85833

0.000

2 Asymptotically F distributed.

Table 3. Results obtained from the Games-Howell post-hoc test.

Main Comparative Mean Difference

99% Confidence Interval

. Std. E Sig.
Category Categories a-n o 8 Lower Bound Upper Bound

1 2 0.41238 0.06165 0.000 0.26760 0.55716

3 0.52990 0.05908 0.000 0.39117 0.66863
5 1 —0.41238 0.06165 0.000 —0.55716 -0.26760

3 0.11752 0.05965 0.120 —-0.02255 0.25759
3 1 —0.52990 0.05908 0.000 —0.66863 -0.39117

2 —-0.11752 0.05965 0.120 —0.25759 0.02255

Category 1: Liana-infested areas; Category 2: Non-liana infested areas; Category 3: Gaps.
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4. Discussion

Our study has documented that in general, liana-infested areas have a higher mean temperature
than non-liana infested areas in the Santa Rosa National Park Environmental Monitoring Super Site.
This temperature difference corroborates field-based observations by Sanchez-Azofeifa et al. [24] and
Guzman et al. [25], who also observed that, on average, liana leaves have a higher temperature than
tree leaves in a Panamanian tropical dry forest.

The mean temperature difference between the liana-infested and the non-liana infested areas
in our study is smaller than what was observed in previous studies by Sanchez-Azofeifa et al. [24]
and Guzman et al. [25]. Despite the observed small temperature differences, such differences can
be important to enhance the current ability to detect the presence of lianas by remote sensing. Also,
environmental temperature is a primary variable important for biological function at all organizational
scales. Even slight temperature changes can dramatically affect biological processes from cells to
populations, with ecological consequences [54].

Two factors can potentially contribute to the smaller temperature difference detected in this study
and thus merit discussion.

First, our study was conducted using a UAV remote sensing platform with a distance
of approximately 110 m between the canopy and the sensor, unlike the previous studies by
Sanchez-Azofeifa et al. [24] and Guzman et al. [25] who acquired their data as contact measurements
or from a distance of 1.8 m, respectively. Despite the high spatial resolution of 0.15 m of the thermal
infrared data, it is possible that there is some spectral mixing between liana leaves and tree leaves [55],
thus normalizing the differences that could be observed at the level of individual leaves or from a
shorter distance. Also, potential spectral thermal mixing (similar to multi- and hyperspectral mixing
based on optical remote sensing) between the canopy and the other components at higher temperatures
can influence the remotely detected temperature values of the mixed pixels. As reported by Pau et
al. [56], since there can be inter-species temperature variation within canopy and between canopy
and bark, bark being generally the warmest of these elements, it is clear that with a spatial resolution
of 0.15 m, spectral thermal mixing will take place. Under direct solar irradiation, the most extreme
temperatures can be observed in soils [57], a factor that can influence the temperatures of mixed pixels,
in particular in transitions zones between different land-cover types (e.g., anthropogenic infrastructure
or fire-break areas in a forest). Taken together, spectral thermal mixing between different categories can
influence the temperatures observed in each pixel in a complex, wavelength-dependent, and non-linear
manner, even when the spatial resolution of the data is high.

Second, unlike the study by Guzman et al. [25], who conducted their research around midday, the
thermal infrared data used in our study were acquired in the late afternoon (16:39 to 16:57), nearly
five hours after midday. The data acquisition time is significant, since lianas have been reported to
have a low stomatal conductance around midday [58]. Chen et al. concluded that the closing of
the stomata around the hottest time of the day can help lianas maintain their stem water potential,
a feature particularly important for species located at the top of the canopy and thus fully exposed to
irradiance [58]. As also suggested by Guzman et al. [25], this can partially explain the observations of
lianas leaves being at higher temperatures than tree leaves. Hence, since the data used in our study
were not acquired at the hottest time of the day, the late data acquisition time might have caused
a smaller temperature difference between liana leaves and tree leaves. However, it should be noted that
multiple factors such as the leaf morphology of different species and the size and surface properties of
these species can affect leaf temperatures [59,60]. Ata canopy level, the structural (e.g., leaf density, leaf
angle distribution) and positional (e.g., sunlit vs shade leaves) properties of the canopy can furthermore
affect the observed temperatures as a result of variations in latent heat fluxes, dense canopies being
cooler than spare canopies [56].

Furthermore, our results suggest that the liana distribution patterns are not random, according
to the results of the spatial statistics analysis (Moran’s index I = 0.95, p = 0). This finding confirms
previous studies by Talley et al. [61], Rice et al. [62], Allen et al. [63], and Carsten et al. [64], who also
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documented that lianas are not distributed randomly on host tree. It should be noted that we conducted
the analyses at a pixel level because lianas can cover only a part of the canopy of an individual tree [65]
or spread across the canopies of several individual trees [66]. Hence, it is not practical to try to map
individual liana-infested tree canopies.

Although the temperature differences between liana-infested and non-liana infested areas were
the main focus of our research, we also investigated the differences between liana-infested areas,
non-liana infested areas, and gaps to obtain a comprehensive understanding on the temperature
variation of these three categories. A mean temperature difference of 0.57 °C was encountered between
the liana-infested areas and the forest gaps (forest gaps being cooler; see e.g., Table 1). Such gaps are
known to have relatively high temperatures and evaporative gradients, as well as low humidity [6].
However, when the viewing point is from the nadir, as is typically the case in remote sensing, gaps are
shaded and thus protected from direct irradiance. Hence, our finding of gaps having a lower average
temperature than the living trees is not unexpected. It should also be noted that shadowing changes as
a function of the solar angle in the course of the day, a factor that renders the temperatures of gaps
subject to these changes. Despite the lower temperature of gaps, when compared to living trees, the
difference between non-liana infested trees and gaps was not statistically significant. We attribute this
phenomenon to the understory vegetation (e.g., shrubs and small trees) in gaps which, depending on
the gap, can render the temperature differences between gaps and living trees small. In the case of
liana-infested trees and gaps, the higher temperature of lianas (when compared to non-liana infested
trees) was statistically significant.

Given the narrow range of the observed temperature difference between the liana-infested areas
and the other categories studied in this paper, more research needs to be conducted to determine whether
this information can be used as a parameter for the detection of liana infestation in tropical forests
and, in turn, for automated detection of liana clusters in a time-effective manner and independently
of human interpretation [67]. Nevertheless, our findings are important because they confirm that
these differences observed at the leaf level [24,25] can be detected using a remote sensing platform,
a finding that potentially has implications for classification and modeling efforts, such as those that
aim at large-scale assessments of liana extent. Furthermore, as the increase of canopy temperature can
cause shifts in the optimum geographic climate areas for the growth of plants and other species [68],
our finding indicates that liana infestation can result in an average higher temperature and thus would
potentially alter future forest tree symbioses and species composition.

5. Conclusions

Our results suggest that liana-infested areas have a higher average temperature (0.41 °C) than
non-liana infested areas. This finding conforms to those of previous studies that were carried out within
a short distance of or in contact with the canopy. Unlike these studies, our results were obtained using
thermal infrared remote sensing data acquired by a UAV system, which indicates that temperature
differences can be observed by remote sensing. Moreover, our results suggest that forest gaps have
an overall cooler temperature than living trees in a tropical dry forest, which we propose to be a
direct consequence of gaps being sheltered from direct solar irradiance, a result that contradicts some
ground-based observations. In general, our findings offer new information that has the potential to be
used to fine-tune local and regional-scale classification and modeling efforts. Furthermore, our work
suggests that new approaches used to untangle the effect of thermal unmixing will be necessary in the
near future, as thermal sensors become more readily available.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/10/890/s1.
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of the subsample; Figure S1: Temperature distributions of the (a) liana-infested areas, (b) non-liana infested areas,
and (c) gaps.
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