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ABSTRACT 

 

Increases in global air temperatures have provided the impetus for extensive research into how thermal constraints 

impact species behaviour and vulnerability to climate change, with recent heat-related mortality events 

underscoring the need for such research. The role of vegetation in creating cooler microsites that buffer organisms 

against high temperatures has received attention in the past, yet few studies have assessed the availability of 

cool, shaded microsites for small animals at a landscape level. Here, I combined tree canopy height and density 

values derived from remote sensing (LiDAR) products with biophysical models to predict operative temperatures 

for black bulbs within tree canopies at a landscape scale in the Kruger National Park, South Africa. The accuracy 

of the biophysical models was evaluated by comparing the outputs to the operative temperatures (Te) recorded by 

deploying Te thermometers across the thermal landscape. For most of the trees (64%), Te values predicted by the 

biophysical models were not significantly different (p > 0.05) to those measured by black bulbs. I mapped values 

of Te predicted by the biophysical model to quantify thermal refuges potentially available to different-sized model 

organisms that approximate the size of different bird species, using the canopies while inactive on hot days. My 

results reveal that exposure to extreme heat events (defined as Te > 40 °C) varies with canopy height and density. 

Of the subset of trees sampled during this study, Kigelia africana provided the greatest degree of buffering from 

high temperatures, whereas Combretum hereroense provided the least protection against exposure to high Te. 

For example, organisms seeking refuge in Kigelia africana can experience ~ 50 fewer days per summer where 

they are exposed to high daily maximum Te, compared to those making use of exposed sites. Furthermore, tree 

canopies can reduce the intensity and frequency of animals’ exposure to sustained heat events by up to 10-fold 

per summer, when compared to exposed microsites. This study demonstrates how combining remote-sensing 

technology and biophysical models can provide a better understanding of thermal landscapes and inform decisions 

regarding the vegetation management in protected areas.  
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 INTRODUCTION 

 

Global climates have been irreversibly altered by anthropogenic activities (IPCC, 2022). These changes include 

an increase in mean global air temperature and shifting precipitation patterns(IPCC, 2022), and are likely to impact 

biodiversity across taxa and ecosystems (Scheffers et al., 2014). Specifically, climate change is expected to 

increase the frequency and intensity of extreme weather events such as floods, heatwaves and droughts 

(Groisman et al., 2005; IPCC, 2022; Sillmann and Roeckner, 2008). Some species benefit from climate change 

(Deichstetter, 2017; Richardson et al., 2009), but the majority of species are likely to be negatively impacted 

(Bellard et al., 2012; Parmesan and Yohe, 2003). Various intrinsic (organismal) and extrinsic (environmental) 

variables determine where species can occur (Williams et al., 2008), and constrain species responses to climate 

change (Fuller et al., 2010; Wong and Candolin, 2015). Generally, species respond to climate change by i) shifting 

their ranges to more suitable conditions at higher latitudes or elevations (Chen et al., 2011; Thomas, 2010), ii) 

changes in phenology (Parmesan, 2006), iii) behavioural (Wong and Candolin, 2015) or iv) morphological changes 

(Ryding et al., 2021).  

Global shifts in species distribution are expected to be hampered by land use changes and habitat 

destruction (Mantyka-Pringle et al., 2012) and protected areas are expected to shield species from the impacts of 

habitat loss (Gray et al., 2016). Protected areas are considered cornerstones of modern conservation efforts, as 

they conserve habitats and protect species from land use changes and habitat degradation (Gray et al., 2016; 

Greve et al., 2011). In addition, protected areas with intact natural vegetation can act as thermal buffers (Xu et al., 

2022). Yet, protected areas are not inherently exempt from the impacts of climate change (Araújo et al., 2004; 

Kharouba and Kerr, 2010). For example, recent decades have seen significant changes in temperature and 

precipitation across South Africa’s network of National Parks (van Wilgen et al., 2016), and extreme weather 

events have become more frequent and intense in the country’s national parks (Dube and Nhamo, 2020). Historic 

temperature and rainfall data from Kruger National Park (KNP) reveal that the number of heatwave days during 

recent droughts (2015/2016) have significantly exceeded the number of heatwave days recorded during any of 

the prior drought events since 1980 (Malherbe et al., 2020). Despite these findings, protected areas can facilitate 

species range shifts in response to climate change, through facilitating novel species colonisation by acting as 

microclimatic stepping stones (Thomas et al., 2012; Thomas and Gillingham, 2015). Because of their ability to 

promote the persistence of species in the area, as well as the acting as sites for colonization of species moving 

from areas that have become unsuitable, protected areas have been identified as potential climate change refugia 

(Cantú-Salazar and Gaston, 2010; Gaüzère et al., 2016). The quality of refugia and the extent to which they can 

buffer taxa against climate change, depend greatly on the microclimates provided by heterogenous landscapes in 

and surrounding protected areas (Ashcroft, 2010; Hannah et al., 2014).  

Thermal heterogeneity, the spatial variation in microclimates, can determine when and how organisms 

use the landscape within the constraints posed by their thermal limits (Angilletta Jr., 2009). Vegetation is an 

important modulator of microclimates as leaves intercept solar radiation to create shade as well as altering 

conditions through cooling via evapotranspiration (Oke, 1987; Walsberg, 1985; Wolf and Walsberg, 1996). In 
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particular, shady vegetation can provide cool microclimates with reduced exposure to high solar heat loads, critical 

for the maintenance of organisms’ water and energy budget on hot days. Additionally, these cool, shaded 

microclimates have been linked to the avoidance of lethal hyperthermia or dehydration during extreme heat events 

(Conradie et al., 2019; Scheffers et al., 2014). The increased likelihood of these extreme heat events has resulted 

in increased interest in conceptual frameworks and models that can predict species vulnerability to changing 

conditions (Kearney and Porter, 2009; Williams et al., 2008; Yuan et al., 2017). However, due to landscape 

variability arising from topography and vegetation characteristics, accurately predicting species vulnerability 

requires incorporation of thermal landscape heterogeneity (Carroll et al., 2016; Tomecek et al., 2017). 

This study explored the role of woody vegetation in determining fine-scale variation across thermal 

landscapes by linking remotely sensed vegetation characteristics with biophysical models. Airborne Light 

Detection and Ranging (LiDAR) is one of the most common and accurate remote sensing technologies that 

measures distances to the surface of structures on the surface of the earth by measuring the wavelength and time 

taken for laser pulses - sent from transmitters on airborne platforms - to return (Lohani and Ghosh, 2017). Airborne 

LiDAR is used for spatially explicitly measuring and monitoring three dimensional characteristics of vegetation 

(Beland et al., 2019; Nagendra et al., 2013). Vegetation (and characteristics such as density and structure) also 

plays an important role in determining thermal heterogeneity at a scale relevant to both landscapes and individual 

organisms (Carroll et al., 2016; Saunders et al., 1998).  

Operative temperature (Te) is used to investigate the thermal environment of individuals at a scale relevant 

to the animal’s microhabitat (Dzialowski, 2005). Furthermore, Te is considered to be a more accurate 

representation of the thermal conditions an organism experiences than air temperature (Tair) (Bakken, 1976; 

Robinson et al., 1976), as Te combined properties of the micro-environment (eg. Tair) as well as properties of the 

organism (Bakken, 1976; Bakken and Gates, 1975). In the field, Te can be recorded by making use of species 

specific taxidermic mounts or copper casts, however many studies prefer to use black copper spheres - referred 

to as black bulbs - to measure Te as these are easier to prepare and give similar Te readings to unheated taxidermic 

mounts (George S. Bakken et al., 1985; Walsberg and Weathers, 1986a). The use of such bulbs has become 

commonplace in thermal biology of ectotherms and endotherms (Bakken, 1992; Coleman and Downs, 2010).  

Within these black bulbs, the Te recorded by temperature loggers are comparable to the Te measured by 

temperature loggers within traditional taxidermic mounts, for example it was found that Te measured by black bulbs 

can approximate Te measured by taxidermic mounts of various bird species (George S Bakken et al., 1985; van 

de Ven et al., 2019). Criticism for the use of blackbulbs in field studies include the time and labour intensiveness 

of deploying these models throughout various landscapes, and the potential difficulty of retrieving the bulbs again. 

Scientific attention has shifted towards using biophysical models that use similar principles of heat and water 

exchange between an organism and their environment, to predict Te and thermal responses of organisms within 

their environments (Buckley, 2010; Kearney et al., 2013; Kearney, 2013; Sinervo et al., 2018). And much like black 

bulbs, biophysical models are non-invasive and provide reasonably accurate representation of Te experienced by 

ectotherms and endotherms, given the parameters used are carefully assessed (Buckley et al., 2010; Kearney 

and Porter, 2017a; Peterman and Gade, 2017).  
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For this study, I combined biophysical models with vegetation characteristics derived from high resolution 

LiDAR data to map Te in the canopies of eleven tree species covering a range of structural characteristics such 

as canopy height and density. I then extrapolated Te values for all other trees within a 139-ha section of southern 

KNP to map the thermal heterogeneity across the landscape. The accuracy of the Te predicted by the biophysical 

models was tested and validated against Te recorded from several Te thermometers (black bulbs) that were 

deployed across a savanna landscape. Here, I aimed to 1) quantify variation in Te across tree canopies, with 

different heights and densities 2) evaluate whether the number of days per summer on which organisms 

experience Te above a biologically important threshold value (40°C; approximate avian normothermic body 

temperature (Dawson, 1954) varied across canopies, being higher in sparse-canopied species and lower in dense-

canopied species, and 3) investigate the extent to which the occupancy of microsites in tree canopies reduced 

exposure to sustained, consecutive heat events.  

 

MATERIALS AND METHODS 

Study site 

The study was conducted in the Nkuhlu exclosure site (24°58′S, 31°46′E), a 139-ha fully fenced area inaccessible 

to meso- and megafauna located approximately 25 km east of Skukuza camp on the northern bank of the Sabie 

River in the Kruger National Park (KNP), South Africa. The area has a semi-arid, summer rainfall climate (Williams 

et al., 2009) with mean annual precipitation of 550 ± 160mm (Majozi et al., 2017), an average daily minimum Tair 

ranging between 5.6 °C (June) and 20.6 °C (January) (Venter et al., 2003) and daily maximum Tair ranging between 

25.9 °C (June and July) and 32.6 °C (January) (Venter et al., 2003). The exclosure was selected as the study site 

to reduce the risk of wildlife tampering with the installed equipment, while acknowledging that this may lead to 

increased woody cover than in the surrounding landscape where herbivores (especially elephants) reduce woody 

cover (Asner et al., 2009) 

The topography of the Nkuhlu exclosure includes a crest, characterised by shallow, sandy soil and foot 

slopes that are typified by deep, sodic soil (Khomo and Rogers, 2005). Woody species common on the sodic foot 

slopes of the exclosure include Vachellia grandicornuta, Euclea divinorum, Spirostachys africana and Pappea 

capensis (Siebert and Eckhardt, 2006), whereas the most common species on the sandy crest are Dichrostachys 

cinerea, Senegalia nigrescens and Vachellia exuvialis, Combretum apiculatum, Combretum heroense, 

Combretum zeyheri, Grewia flavescens and Grewia bicolor, Lannea schweinfurthii, Rhigozum zambesiacum, 

Ormocarpum trichoparum and Philenoptera violacea (Siebert and Eckhardt, 2006).  
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Vegetation structural mapping 

For the purposes of this study, LiDAR was used to map individual trees > 2 m in height within the Nkuhlu exclosure. 

The trees were selected to represent a range of heights (2-18m) and canopy densities within the exclosure. LiDAR 

data were used to extract maximum height and average density values for individual trees for model validation 

and subsequent modelling. LiDAR data for Nkuhlu and other sites across KNP were previously collected by Davies 

and colleagues during January and February 2020. The data were collected using the DJI M600 Pro, a rotary-

wing Unoccupied Aerial Vehicle (UAV) with a 30 min flight time. Multiple flights of 15 min each were flown at 8 m 

s-1 with parallel flight lines at 100 m altitude following the methods of (Boucher et al., 2023). The LiDAR data were 

collected with a Riegl VUX-1 LR instrument along with the Harvard Animal-Landscape Observatory (HALO; 

Boucher et al., 2023) sensor package with a 600 kHz pulse rate.  

LiDAR point clouds from each flight line were matched together and classified into ground, vegetation, or 

noise points using the Terrasolid software suite (Axelsson, 2000). Following the removal of noise points, the 

average point density was ~150 points m-2. The height above ground was computed for each point in the cloud 

based on the point’s vertical distance to a triangulated surface model of ground points. Then, the maximum heights 

of the first return points were rasterized to generate canopy height models (CHMs) at 0.5 m spatial resolution. 

Canopy density values were calculated for each tree following the workflow in Lidar-Notebooks. The density of 

each tree canopy was computed using the weighted ratio of points in the upper canopy to the points in the rest of 

the tree, following (Boucher et al., 2023). 

Trees were segmented from the rasterized CHM following a series of three steps, all performed in RStudio 

interface (version 4.0.4) (R Core Team, 2020) using the rLiDAR (Silva et al., 2015) and ForestTools (Plowright, 

2018) packages. The first step was identifying individual treetops, delineated by tree height. This was 

accomplished with a window function and variable window function, developed by (Popescu and Wynne, 2004). 

The window functions scan the CHM for the highest cells within the set window, and these cells are tagged as 

treetops. The second step was to delineate individual tree crowns using a watershed function (Beucher and Meyer, 

1993) from which individual tree canopy area was calculated for the trees within the exclosure. The third was 

above-ground biomass (AGB) mapping that makes use of an object based AGB equation (Colgan et al., 2013).  

Study system 

For the purposes of this study, different sized black bulbs were used as proxies for different bird species (with a 

few assumptions discussed in greater detail in the discussion), given that black bulbs can predict similar Te to 

unheated avian taxidermic mounts (George S. Bakken et al., 1985; van de Ven et al., 2019). Two sizes of black 

bulbs were used, with diameters of 30 mm and 60 mm (hereafter referred to as small and large, respectively), 

chosen to approximate the dimensions of ~25 g birds (e.g. House Sparrow (Passer domesticus) and ~200 g birds 

(e.g Southern Yellow-billed Hornbills (Tockus leucomelas)) occurring at the site, where both organisms would use 

microhabitats in similar capacities. The black bulbs, each consisting of a copper sphere painted matt black with 

an internally mounted temperature logger, following (Walsberg and Weathers, 1986b). The temperature loggers 

(Thermochron iButton, model DS1922L, Maxim Integrated Products, San Jose, CA, USA), recorded temperature 
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at 20-min intervals with 0.065 °C accuracy within the black bulbs. Each iButton was placed in a retainer with wires 

soldered to the terminals, allowing me to download data and reprogram each iButton without having to remove it 

from the black bulb, using a modified blue dot reader (DS1402D-DR8) and ColdChain Thermodynamics software 

(Maxim Integrated Products). I calibrated a subset of iButtons (n=27) over a range of temperatures in a water bath 

measured using a mercury-in-glass thermometer with NIST-traceable accuracy. A linear model fitted to actual 

temperature as a function of measured temperature revealed a maximum error of 0.482°C. 

Biophysical models and validation 

This study required the use of one biophysical model (i.e. NicheMapR package) and three different sub-models 

available in R programming environment (R Core Team, 2020), namely NicheMapR, NicheMapR’s ectotherm sub-

model and microclimc. The NicheMapR model, hereafter referred to as the base microclimate model, used the 

micro_ncep function along with site specific inputs (eg. location, elevation, slope and aspect) and user defined 

inputs (e.g., height of the organisms and maximum percentage shade values) to predict a set of microclimate 

conditions for a given environment (Kearney and Porter, 2017b). The package used NCEP-DOE Reanalysis 2 

(Kanamitsu et al., 2002) to obtain historical weather data, which was then downscaled to 30 m2 resolution using 

the microclima package (Kearney et al., 2020).To quantify weather conditions in the exclosure plot and validate 

the base microclimate model, a Davis Vantage Pro 2 weather station (Davis Instruments, Hayward, USA) was 

deployed. The weather station was positioned away from tree cover in an open area of the exclosure (24°59'20.9"S 

31°46'31.2"E). Following calibration, the weather station collected air temperature (Ta). For weather station 

validation, I compared the daily air temperature maximum (Tamax), minimum (Tamin) and average (Taavg) that were 

recorded by the weather station to the Tamax, Tamin and Taavg predicted by the base microclimate model, under 

similar environmental conditions.   

The NicheMapR ectotherm model (Kearney and Porter, 2019) used the microclimatic outputs from the 

base microclimate model to predict the body temperature experienced by a model ectotherm (Figure 1). This 

model was chosen over one designed for endotherms because, when set to predict values for a deceased 

ectotherm, it accurately reflects the conditions of the black bulb by not considering metabolism or plumage/fur 

properties; while also tracking Tair in a manner similar to black bulbs. because the body temperature of resting 

ectotherms tracks surrounding environmental Te, I used ectotherm body temperature (specified for a dead 

organism) predicted by the model to simulate inanimate objects (Rozen-Rechels et al., 2020; Walker et al., 2015). 

The ectotherm model was run for dimensions that most closely simulated the Te thermometers used (discussed 

below). These dimensions are for a spheric organisms with two distinct body masses (i.e., 93 g for a large organism 

and 25 g for a small organism). The model assumed that the bulbs were filled with tissue, however the conductivity 

of the flesh was set to 0.025 W/mC, similar to the thermal conductivity of air (Graczykowski et al., 2017). The 

above parameters  are similar to the characteristics of the black bulbs.  
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Figure 1. Schematic representing the flow of model parameterisation and inputs for the microclimate and ectotherm 

model validation process.  

). 

The black bulbs were deployed for one austral summer (October 2021 to April 2022), with the recorded 

temperature data downloaded every second month. The black bulbs were placed in the canopies of different tree 

species across Nkuhlu, and in addition to the black bulbs placed in trees, two arrays were set up in Nkuhlu, each 

consisting of six bulbs. Each array consisted of a pair of black bulbs (large and small) fixed at 0.05 m, 0.5 m, and 

2 m above the ground on a metal fence dropper. Both arrays were placed inside Nkuhlu, in open areas, away from 

tree canopies and shade. The array bulbs are representative of exposed conditions within the exclosure, and the 

heights are representative of an organism at different heights.  The bulbs were affixed to the iron dropper by a wire 

attached to each bulb with metal epoxy.  

Canopy model 

The third model used in this study, Microclimc (hereafter referred to as the canopy model) is a biophysical model 

that uses multiple inputs to predict microclimate conditions within various individual tree canopies (Maclean and 

Klinges, 2021). The canopy model required information about the microclimate as well as the individual tree that 

was being modelled. The tree characteristics were derived from CHM products and these characteristics were 

individual tree canopy heights and canopy density. The CHM generated maximum canopy height and mid canopy 

heights, and both were used as inputs for the canopy model. In terms of microclimate inputs, Ta, relative humidity 
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(Rha), wind speed (VLOC) and incoming solar radiation (SOLR) at the reference height were the microclimate 

conditions used as inputs from the base microclimate model (see Appendix A for additional inputs). The output 

from the canopy model was a representation of Ta and microclimate conditions within the canopy and does not 

represent Te within the canopy. Thus, to obtain relevant Te within the tree canopy, the microclimate conditions 

derived from the canopy model were used as inputs for the ectotherm model (Figure 2). 

 

Figure 2. Schematic representation of the process of determining final model Te outputs, as well as how the three 

models used were validated. Inputs from the base microclimate model include Ta, Rha, wind speed (Vloc) and 

incoming solar radiation (SOLR). Data derived from the Canopy Height Model (CHM) include canopy height and 

density values. Inputs from the canopy model to the ectotherm model include air temperature within the canopy 

(Tac) and SOLR.  

 Te data collected using 22 (n = 11 large and n = 11 small) black bulbs deployed into the canopies of 11 

tree species (Table 1 and Figure 3) were also used to validate values predicted by the combination of biophysical 

models (Figure 2). Within the exclosure, the black bulbs were deployed in the canopies of various tree species. 

The black bulbs were placed in the approximate centre of each canopy, secured to branches using pieces of wire 

and positioned in such a way to minimize shade cast by primary branches. Most of the black bulbs were deployed 

for the entire study, with six additional pairs deployed from February to April 2022.  

Table 1. List and description of the tree species used for the deployment of black bulbs, ordered by increasing 

canopy density. The canopy density values (the weighted ratio of points in the upper canopy to point in the rest of 

the tree) and maximum tree height were derived from CHM products, and the height of the black bulbs were 

estimated in the field and differed from the maximum height as the black bulbs were located in the centre of the 

canopy.  
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Tree species Canopy density 

value 

Maximum 

height of tree 

canopy (m) 

Estimated height 

of black bulbs 

above ground 

(m) 

Period deployed 

Combretum hereroense 0.414 3.07 2.00 Feb – Apr 22 

Vachellia gerrardii 0.471 7.02 6.02 Feb – Apr 22 

Combretum apiculatum 0.476 2.86 2.00 Oct 21 – Apr 22 

Vachellia grandicornuta 0.601 6.61 4.00 Feb – Apr 22 

Dichrostachys cinerea 0.617 2.10 2.00 Feb – Apr 22 

Terminalia sericea 0.620 6.80 5.00 Feb – Apr 22 

Philenoptera violacea 0.642 8.13 4.00 Oct 21 – Apr 22 

Senegalia nigrescens 0.643 4.27 2.00 Oct 21 – Apr 22 

Sclerocarya birrea 0.676 10.27 8.00 Oct 21 – Apr 22 

Spirostachys africana 0.688 8.41 6.00 Feb – Apr 22 

Kigelia africana 0.741 14.67 10.00 Oct 21 – Apr 22 
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Figure 3. Distribution of trees and blackbulb temperature logger arrays (blue triangles) in Nkuhlu exclosure (hashed 

brown polygon and red diamond in the inset map) in KNP (the filled dark green polygon in the inset map), the map 

was sourced from Google Maps. 

The process of validation in this study consisted of comparing Te/Ta recoded by thermometers and weather 

station respectively, to corresponding Te/Ta predicted by the biophysical models. As described above, the Ta 

recorded by the weather station were compared to the Ta predicted by the base microclimate model. Te recorded 

by the array black bulbs were compared to the Te predicted by the ectotherm model, for exposed conditions with 

very limited shade. For each tree species, the Te recoded by the canopy black bulbs were compared to the Te 

predicted by the combination of the three biophysical models (base, canopy and ectotherm), which have been 

tailored to the characteristics of each tree individually(discussed below). I compared daily operative maximum 

(Temax), minimum (Temin) and average temperature (Teavg) values predicted by the respective models to the 

corresponding values recoded by the black bulb data. A two-sample Kolmogorov-Smirnov test (Conover, 1971; 

Durbin, 1973; Marsaglia et al., 2003) was used to test for significant differences (p<0.05) between the model 

temperature predictions, compared to the temperatures recorded by the weather station and the different black 

bulbs (exposed array and tree black bulbs). All analyses were performed in the R Studios (R Core Team, 2020). 
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Clustering and thermal mapping 

Following validation of the biophysical models, they were then used to predict canopy Te for all trees identified in 

the CHM. This was accomplished by allocating each tree into one of 100 categories based on canopy height and 

density. All vegetation lower than 2 m was excluded during the tree segmentation process, due to processing and 

time constraints, and because it is difficult to distinguish between grasses and shrubs at heights that are <2 m. 

The 100 categories are combinations of ten height categories (2-3m, 3-4m, 4-6m, 6-8m, 8-10m, 10-12m, 12-14m, 

14-16m, 16-18m, 18-20m and ten canopy density values, ratios between 0 and 1 in 0.1 increments) (Appendix A), 

based on minimum and maximum values within the CHM data. Of the 100 tree categories, 61 were represented 

in Nkuhlu. Similar to the validation process, the canopy height and density values were used as inputs for the 

canopy models, which were then imported into the ectotherm model to predict Te values for each of the tree 

categories. These values represent likely Te conditions that a model organism (represented by the black bulbs) 

would experience in the tree canopy of a given height and given density.  

The microclimate model was run for each of the 61 tree categories, where canopy inputs were based on 

the average values of each of the categories. Additionally, canopy density ratio values were multiplied by 100 as 

the model required integers to function. Climate data were collected from the NCEP-DOE Reanalysis 2 dataset, 

and I ran the biophysical models for the period October 2021 to March 2023, as this was the most up to data used 

by the NicheMapR package at the time of writing. The daily maximum, minimum and average Te values for the 

summer period were used to develop inputs for the thermal maps.  

The Te outputs from the models were assigned to the 61 tree categories present in Nkuhlu. These Te 

values were used to generate thermal maps, as individual trees could be distinguished based on the Te outputs of 

their respective category. The Te outputs were analysed to generate various thermal maps of the exclosure. One 

such map demonstrates the number of days where maximum Te values, for each canopy, are above a threshold 

value (40°C) for both large (93 g) and small (25 g) model bulbs (spherical shaped). This threshold value was 

chosen because 40°C approximates normothermic body temperature of many birds (Prinzinger et al., 

1991)(Prinzinger et al., 1991) and it has been used as a biologically meaningful threshold in previous studies 

(McKechnie et al., 2021a, 2012; Song and Beissinger, 2019). Furthermore, I mapped maximum daily Temax and 

Tamax temperatures for small and large bulbs, as well as the difference between Temax and Tamax. All thermal 

mapping and LiDAR visualisation was performed in QGIS (version 3.24.3 Tisler) (QGIS Development Team, 

2022).  
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RESULTS  

Tree segmentation 

The tree segmentation from the LiDAR-derived CHM produced 21,616 individual tree canopies at the study site 

taller than 2 m. Of these, 37.2% were 2 – 3 m tall, 28.2% were 3 - 4 m 21% were 4 - 6m. Furthermore, 8.9% were 

6 – 8 m tall and 4.7% were 8 – 16 m tall. Very few trees (n = 37; 0.2%) were taller than 16 m. Most of the trees (~ 

30%) in Nkuhlu identified by the tree segmentation algorithm had canopy density values between 0.5 and 0.6, and 

~ 27% had canopy densities of 0.6 - 0.7. (See Appendix A for a full breakdown of tree segmentation results). 

Biophysical modelling 

The base microclimate model successfully predicted the Tamax recorded by the weather station for the period of 

October 2021 – May 2022, where the Tamax values predicted by the model did not differ significantly (Kolmogorov-

Smirnov, D = 0.143, p>0.05) from the values recorded by the weather station. Comparing the daily maximum Tamax 

values between the model and the weather station, the base microclimate model overestimated the number of 

days on which maximum Tamax < 29 °C and underestimated days on which maximum Tamax > 29 °C (Figure 4). 

 

Figure 4. Daily maximum air temperature (Tamax) (°C) values predicted by the base microclimate model (dark grey), 

compared to daily Tamax values recorded by the weather station (light grey). For ease of visualisation, the 

temperatures have been grouped into 2 °C categories from 20 °C to 38 °C, and the x-axis values are the midpoint 

value for each. These values were recorded from October 2021 to May 2022.  

Furthermore, the base microclimate model predicted Teavg values were not significantly different to those 

recorded by the weather station (Table 2), where p > 0.05. However, the Temin values predicted by the model 

differed significantly (p < 0.05) to those recorded by the weather station (Appendix A Table 1).  

 The Temax recorded by the array black bulbs at 2 m differed significantly (p < 0.05) from the Temax values 

predicted by the biophysical models, for three of the four bulbs(Table 2). However, the model predictions did not 
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differ significantly (p < 0.05) for the Teavg and Temin values recorded by the same black bulbs (Table 2 and Appendix 

A Table 1). Temax predicted by the biophysical model differed significantly (p < 0.05) from the Temax values recorded 

for the black bulbs located at 0.05 m and 0.5 m for both arrays, yet the model-predicted Teavg did not differ 

significantly (p > 0.05) from the Teavg values recorded by the bulbs located at 0.5m (Table 2). For black bulbs at a 

height of 2 m, the ectotherm model overestimated the number of days where Temax > 49 °C by 15 (large bulb) and 

12 days (small bulb) and underestimated the number of days where Temax < 38 °C by 42 days for large and small 

bulbs (Figure 5).  

Table 2. Kolmogorov-Smirnov results (D and p-values) comparing the daily maximum operative temperature 

(Temax) and daily average operative temperature (Teavg) values predicted by the biophysical models, compared to 

the values recorded by the array black bulbs. “L” and “S” indicate large (60 mm) and small bulbs (30 mm) 

respectively. Significant differences (p < 0.05) are indicated in bold.  

 

Height (m) Bulb size 

Daily maximum operative 

temperature 

Daily average operative 

temperature 

D p-value D p-value 

Array 1 0.05 L 0.458 <0.001 0.308 <0.001 

 0.05 S 0.484 <0.001 0.266 <0.001 

 0.5 L 0.227 <0.001 0.098 0.412 

 0.5 S 0.308 >0.001 0.175 0.063 

 2 L 0.156 0.034 0.135 0.093 

 2 S 0.138 0.080 0.070 0.803 

Array 2 0.05 L 0.551 <0.001 0.338 <0.001 

 0.05 S 0.839 <0.001 0.554 <0.001 

 0.5 L 0.264 <0.001 0.135 0.093 

 0.5 S 0.270 <0.001 0.105 0.309 

 2 L 0.200 0.002 0.115 0.211 

 2 S 0.206 0.005 0.109 0.272 
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Figure 5. The daily maximum operative temperature (Temax) values recorded by the black bulbs from the arrays (light grey) compared to the Temax values predicted 

by the models (dark grey) at 2 m for the period October 2021 – April 2022.  
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Canopy model validation 

The Temax values recorded by black bulbs varied widely between trees (Figure 6 and Figure 7). Daily maxima varied 

from 51.0 °C (large) and 49.8 °C (small) in Dichrostachys cinnerea to 36.5 °C (large) and 36.2°C (small) in Kigelia 

africana (Figure 6 and Figure 7). The Temax values recorded by the exposed large and small bulbs for the nearest 

array for the same day were 50.5 °C for the large bulb and 49.2 °C for the small bulb (Appendix A Figure 2 and 

3). The biophysical model accurately predicted the Temax values for 7/11 study trees (ie. the Temax predicted by the 

models did not differ significantly (p > 0.05) from the Temax recorded by the small and large bulbs) (Table 3). For 

the other four trees, the models predicted within a 95% confidence interval (p > 0.05) the Temax recorded by the 

large bulb of Philenoptera violacea, and for the small bulb of Combretum hereroense (Table 3). For Combretum 

apiculatum and Kigelia africana, the Temax predicted by the biophysical models differed significantly (p < 0.05) from 

Temax recorded by both the large and small bulbs.  

 

 

Figure 6. Daily black bulb maximum operative temperature (Temax) values recorded by large black bulbs in the 

canopies of seven tree species for two weeks in February 2022, listed in the order of ascending canopy density.  
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Figure 7. Daily black bulb maximum operative temperature (Temax) values recorded by small black bulbs in the 

canopies of six different tree species for two weeks in February 2022., listed in ascending canopy denseness. 

Table 3. Kolmogorov-Smirnov test (D and p-values) comparing the daily maximum operative temperatures (Temax) 

and daily average operative temperatures (Teavg) predicted by the biophysical models and the canopy black bulbs. 

With regards to bulb size, L and S represent large (60 mm) and small (30 mm) bulbs respectively. The values that 

did differ significantly (p < 0.05) are indicated in bold.  

Tree ID Bulb 

size 

Daily Temax Daily Teavg 

D p-value D p-value 

Vachellia gerardii L 0.214 0.152 0.143 0.622 

S 0.232 0.098 0.089 0.981 

Senegalia nigrescens L 0.073 0.753 0.163 0.023 

S 0.062 0.900 0.169 0.0163 

Terminalia sericea L 0.214 0.153 0.250 0.0601 

S 0.232 0.098 0.250 0.0601 

Dichrostachys cinerea L 0.132 0.707 0.450 <0.001 

S 0.143 0.617 0.429 <0.001 

Senegalia birrea L 0.145 0.057 0.118 0.252 

S 0.135 0.090 0.082 0.474 

Vachellia grandicornuta  L 0.112 0.872 0.165 0.375 

S 0.250 0.060 0.143 0.622 

Spirostachys africana L 0.179 0.334 0.464 <0.001 
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S 0.168 0.403 0.448 <0.001 

Kigelia africana L 0.217 <0.001 0.141 0.071 

 S 0.170 0.015 0.117 0.195 

Combretum apiculatum L 0.221 <0.001 0.389 <0.001 

 S 0.161 0.025 0.346 <0.001 

Combretus hereroense L 0.358 0.001 0.430 <0.001 

 S 0.252 0.056 0.343 0.002 

Philenoptera violacea L 0.073 0.086 0.143 0.086 

 S 0.149 0.048 0.082 0.651 
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Figure 8. Daily maximum operative temperature (Temax) values recorded by large black bulbs within four tree canopies (light grey) compared to the daily operative 

Temax values predicted by the models (base microclimate, canopy and ectotherm) (dark grey). A (Sclerocarya birrea) and B (Senegalia nigrescens) show data 

collected between October 2021 and April 2022; C (Terminalia sericea) and D (Spirostachys africana) show data collected between February 2022 and April 2022. 
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Thermal landscape 

The results from the tree segmentation process produced a range of trees of different heights and canopy 

densities. The average height of the trees in the exclosure was 4 m (although all vegetation structures lower than 

2 m were excluded from the analysis), and the tallest tree was 19 m (Figure 9). 

 

Figure 9. The heights of the trees identified by the tree segmentation process in Nkuhlu, Kruger National Park, 

South Africa. White areas on the map depict areas where vegetation is <2m or bare ground. Insets A and B 

represent riverine and sodic areas, insets C-E represent areas with high tree densities, and inset F represents an 

area with lower tree density.  

The average Tamax predicted by the base microclimate model for exposed conditions at 2m above the 

ground is ~29.2 °C, for the summer period (October 2021- April 2022). The average Temax predicted by the 

ectotherm model for exposed black bulbs at similar heights is ~41.7 °C and ~40.2 °C for large and small black 

bulbs respectively.  
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Large black bulbs 

The maximum Temax recorded within tree canopies for large black bulbs range from 46.4 °C to 51.6 °C. The number 

of days where Temax values > 40 °C for large bulbs in individual canopies ranges from 19 to 40 days in the summer 

periods (Figure 10). On average, the model predicted that exposed large bulbs would experience roughly 94 days 

where Temax exceeds 40 °C per summer and within the tree canopies, the number of days where Temax for large 

bulbs exceeds 40 °C ranges from 14 to 40 days depending on structural characteristics of the canopies (Figure 

10 andFigure 11). 

 

Figure 10. Number of days per summer (October 2021 to April 2022) on which daily maximum operative 

temperature (Temax) for large bulbs exceeds 40 °C in individual tree canopies in Nkuhlu, KNP, South Africa. White 

areas on the map represent areas where vegetation structures < 2 m were omitted (or bare ground). Insets A and 

B represent riverine areas, insets C-E represent areas with high tree densities, and inset F represents an area 

with lower tree density. 
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Figure 11. For large black bulbs, daily maximum operative temperature (Temax) bar graphs show frequency distributions of numbers of trees identified per density category, 
coloured according to number of days on which Temax > 40° C. Panels (a) to (j) represents canopy height and density conditions represented in the study site.  
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Small black bulbs 

Small bulbs within canopies are expected to experience ~10 fewer days (84 days) where Temax values exceed 40 

°C, compared to large bulbs. The number of days where Temax exceeds 40 °C in the tree canopies for small bulbs 

ranges from 14 to 29, and the average number of days is ~25 days (Figure 12 and Figure 13). The maximum Temax 

recorded within tree canopies for small bulbs range from 44.7 °C to 49.5 °C. Throughout the summer period, the 

model predicts that small bulbs are likely to experience an average of five events where daily Temax for two or more 

consecutive days exceed 40 °C and the longest of these events will be four consecutive days.  

 

 

Figure 12. Number of days per summer (October 2021 to April 2022) on which daily maximum operative 

temperature (Temax) for small bulbs exceeds 40 °C in individual tree canopies in Nkuhlu, KNP, South Africa. White 

areas on the map represent areas where vegetation structures < 2 m were omitted (or bare ground). The insets A 

and B represent riverine areas, insets C-E represent areas with high tree densities, and inset F represents an area 

with lower tree density.   
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Figure 13. For small black bulbs, daily maximum operative temperature (Temax) bar graphs show frequency distributions of numbers of trees identified per density 
category, coloured according to number of days on which Temax > 40 °C. Panels (a) to (j) represents canopy height and density conditions represented in the study 
site.  
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For most tree categories (63,64%), Te (for large and small bulbs) generally decreases with increasing 

canopy density. There is not an obvious similar trend for canopy height. The highest Temax recorded by the exposed 

black bulbs for the summer period was 50.5 °C, recorded on 2022/03/14, by the large black bulb of Array 2. On 

this day the model predicted that the tree category with the lowest Temax value was the 38.66 °C (large bulbs). The 

category had a canopy density of 0.95 and canopy height of 2.5m. For the small bulbs on 2022/03/14 the lowest 

Temax value predicted by the model was 38.1 °C, for a tree with a canopy density of 0.95 and canopy height of 5m.   

Sustained heat events 

During the predicted summer period of very hot weather there were several sets of consecutive days with Temax > 

40 °C. For example, the model predicted that for large bulbs, tree canopies at 5 m with 0.35 density would 

experience 40 days where Temax > 40 °C throughout the summer within the canopy (Figure 12). The model 

furthermore predicted that that there would be seven sustained heat events, i.e. seven instances will occur where 

Temax > 40 °C for two or more days consecutively. The frequency and duration of these sustained heat events were 

different for large and small bulbs, having an average duration of 5 days for large bulbs and 4 days for small bulbs, 

and also differed among tree categories, with more dense canopies have fewer and shorter sustained heat events  

(Figure 14 and Figure 15). On average larger bulbs are more likely to experience more sustained heat events 

when compared to small bulbs (Figure 14 and Figure 15). 
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Figure 14. Thermal environment experienced by large black bulbs in the trees in Nkuhlu, Kruger National Park, 

South Africa. The map shows the tree canopies outlined in black, and the canopy colours indicate the number of 

heat events (i.e. number of ≥ 2 days where Tmax exceeds 40 °C) predicted for the summer (October 2021-April 

2022). White areas on the map represent areas where vegetation structures <2 m were omitted (or bare ground). 

Insets A and B represent riverine areas, insets C-E represent areas with high tree densities, and inset F represents 

an area with lower tree density. 
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Figure 15. A thermal map of thermal environment experienced by large black bulbs in the trees in Nkuhlu, Kruger 

National Park, South Africa. The map shows the tree canopies outlined in black, and the canopy colours indicate 

the number of consecutive heat events predicted for the summer (October 2021-April 2022). White areas on the 

map represent areas where vegetation structures <2 m were emitted (or bare ground), and the insets A and B 

represent riverine areas, and insets C-E represent areas with high tree densities, and inset F represents an area 

with lower tree density.  
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DISCUSSION 

 

Using black bulbs, I was able to validate the findings of biophysical models to the as a proxy for different sized bird 

species, my results reveal substantial variation in the thermal environments model organisms experience in tree 

canopies. Tree canopies are characterised by lower Te than those of exposed black bulbs, highlighting the thermal 

buffering role of tree canopies in semi-arid savannas in South Africa. The buffering effect of the canopies also 

reduced the number of days where black bulbs Te exceeds avian core body temperature (Te>40 °C) during the 

summer period. Thermal buffering by the canopies can reduce the frequency and duration of sustained heat events 

experienced by large and small bulbs, approximating small birds. The extent of buffering varied with canopy height 

and density, revealing the thermal heterogeneity of a savanna landscape in terms of microclimates available to 

small birds. 

As expected, my data reveal marked differences in the Te organisms experience in shaded microsites in 

tree canopies compared to those in exposed microsites. However, the Te values predicted by the ectotherm model 

and measured by the black bulbs cannot be directly compared to Te that endotherms would experience, as 

endotherms require the use of evaporative cooling to maintain their body temperature below Te resulting from hot 

conditions (Bakken, 1976). My study has highlighted the potential role of biophysical models in creating highly 

accurate predictions regarding the thermal environment experienced by organisms. Tailoring these predictions to 

endothermic animals can be easily achieved with additional species/organism specific inputs. For ectotherms, 

biophysical models can generate accurate Te predictions (Kearney et al., 2013; Kearney and Porter, 2019). 

However for endotherms, the presence of fur/feathers results in the Te experienced by endotherms differing from 

the Te experienced by similar-sized ectotherms (Porter and Kearney, 2009). Model inputs for endothermic 

predictions include morphological data (size and shape, fur/feather properties) which can be collected from 

museum specimens, and thermal physiology data that can be sourced from published data that uses standardised 

collection methods (Kearney et al., 2021). There have been extensive developments regarding the use of 

biophysical models to generate accurate predictions for endothermic animals (Briscoe et al., 2023) one such model 

is the NicheMapR Endotherm Model (Kearney et al., 2021) that has been used to investigate thermal environments 

of bird species (Ramos et al., 2023).  

Thermal risks associated with exposure to high environmental temperatures are not equal across all 

species and sizes of birds (Gerson et al., 2019). Under conditions of high Ta, birds potentially face the risk of lethal 

hyperthermia (McKechnie and Wolf, 2010). Hyperthermia can drive fundamental trade-offs between 

thermoregulation and other activities such as foraging (Sears et al., 2011). The Ta at which these thermoregulatory 

adjustments occur differs according to bird species (Freeman et al., 2022). This is largely because the rate at 

which birds lose water is often mass-specific, and smaller bodied birds are thus likely to experience greater rates 

of evaporative water loss (EWL) (Albright et al., 2017; B. Smit et al., 2016). Thus, although smaller birds have 

access to a variety of microsites, they also have a greater risk of hyperthermia under extreme heat events than 

their larger counterparts. Because birds use evaporative cooling to prevent overheating, they face the threat of not 
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only lethal hyperthermia, but also lethal dehydration when environmental temperatures are high (Gerson et al., 

2014)(Gerson et al., 2014).  

The role of dense tree canopies in buffering organisms from extreme heat is vividly illustrated by 

comparing avian requirements for evaporative cooling over the range of Te I recorded across the Nkuhlu thermal 

landscape. Assuming a) the Te of a 30 mm black bulb is similar to that of a ~40 g Dark-capped Bulbul (Pycnonotus 

tricolor) and b) birds can lose up to 15% of their body mass due to EWL before lethal dehydration occurs (Albright 

et al., 2017), a bulbul perched in an exposed microsite where Te = 48 °C would lose 15% of body mass as EWL in 

2.5 hours (calculated based on physiological data collected by (Freeman et al., 2022). If this same bird was 

motionless inside the canopy of Dichrostachys cinerea, it would experience Te = 46 °C, and would achieve 15% 

body loss due to EWL in 4.5 hours. In the Kigelia africana canopy it would experience Te = 35 °C and is not likely 

to reach 15% body mass loss due to EWL for up to 5 hours (Freeman et al., 2022). Predictions similar to the ones 

above can be made by biophysical models, given the incorporation of specific morphological and physiological 

parameters.  

Biophysical models have been extensively used to determine a species’ vulnerability to climate change, 

given their ability to predict an organism’s exposure at any microsite (Briscoe et al., 2023; Kearney et al., 2016; 

Moyer-Horner et al., 2015). Many previous studies, when determining species vulnerability to climate change and 

extreme heat events, have assumed that animals in microsites are completely shaded and that Te = Ta in these 

conditions, often for simplicity reasons (Albright et al., 2017; Conradie et al., 2020; McKechnie and Wolf, 2010). 

However, this study found that not only was Te greater than Ta in shaded microsites, the differences between the 

two varied across a range of tree canopy densities and height. Furthermore, Cunningham et al. (2021) posit that 

the effects of exposure to high Te should be considered within a larger framework of trade-offs between the costs 

associated with the behavioural avoidance of areas with high thermal risks and maintaining access to resources 

that are necessary for long term survival and reproduction. Having access to microsites that provide quality shade 

could potentially lessen the costs of the behavioural trade-offs, for instance if an organism has access to ‘good 

quality’ shade, it can spend more energy on foraging than on thermoregulation.   

A limitation of this study was that variation in humidity within canopies was not evaluated. Humidity has 

emerged as a critical determinant of the thermal limits of birds, as it interacts with high Tair values to negatively 

affect the evaporative cooling efficiency of passerine birds, which could have lethal consequences (Gerson et al., 

2014; van Dyk et al., 2019). An example of these consequences is the mass mortality event that occurred in 2020 

in and around the Phongolo Nature Reserve (PNR) in northern KwaZulu-Natal, South Africa (McKechnie et al., 

2021b). Roughly 110 birds and bats succumbed to lethal hyperthermia on a hot and humid day (maximum Tair = 

43 - 45 °C and Rh= 21-23%) (McKechnie et al., 2021b). Although humidity was incorporated into the biophysical 

models, future studies need to focus on disentangling the impacts of high Te, and high humidity values on the 

thermal limits of various birds species, but especially passerines (Conradie et al., 2020; McKechnie et al., 2021a). 

The model predicted variations in Rh values within different tree canopies and understanding the variation in 

humidity that occurs within canopies could contribute greatly to understanding the exact extent to which refuges 

can confer protection against unfavourable conditions.  
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The management of savanna ecosystems faces numerous challenges in preserving heterogeneity across 

the landscape, such challenges include the management of megaherbivores (Henley and Cook, 2019) fire 

management (Bond and Midgley, 2012) and bush encroachment (O’Connor et al., 2014). Savannas rely on a 

balance of grasses and woody cover to maintain productivity and perform valuable services (Moore et al., 2016), 

and this balance is threatened by the increase in woody cover occurring due to a variety of factors (Bond and 

Midgley, 2012; February et al., 2013; Roques et al., 2001). The increase in woody cover in savannas can have 

negative impacts on biodiversity (Ratajczak et al., 2011), yet the relationship between shrub encroachment and 

savanna bird assemblages is complex. Shrub encroachment results in a temporary increase in bird species 

richness in savannas, as the shrubs provide novel niches and diversification of resource utilisation in otherwise 

open and homogenous savannas (MacArthur, R.W. & MacArthur, 1961; Sirami et al., 2009). However, continued 

invasion of the shrubs ultimately leads to homogenisation across a landscape which then results in a decrease in 

bird richness and changes to species assemblages (Harris et al., 2019; Sheuyange et al., 2005; Sirami et al., 

2009). Nevertheless, shrubs have the capacity to act as refuges from increasing temperatures (Milling et al., 2018) 

but the exact extent to which shrubs can supply refuges to birds is beyond the scope of this study yet will likely be 

an important aspect of future studies and management practices for savannas. Current management practices 

include high intensity fires that effectively reduces woody cover in the short term (I. P. J. Smit et al., 2016), however 

frequent and intense fires often result in the loss of tall trees (Shannon et al., 2011; I. P. J. Smit et al., 2016).  

Trees and other woody vegetation, and their capacity as refuges from unfavourable conditions, should be 

considered in various management practices of protected areas, particularly if these areas will act as refugia 

against climate change. This study has emphasised the role that tree canopies and associated microsites across 

the landscape play. It also demonstrated that these sites are integral in creating landscapes where organisms 

have access to a mosaic of thermal resources, all with variable buffering capabilities. KNP and other protected 

areas are the foundations of conservation in southern Africa, and their management has the complicated task of 

preparing these areas for the predicted impacts of climate change. This task can be accomplished through a range 

of effective and inexpensive tools such as remote sensing and biophysical modelling. Identifying thermal refuges 

across landscapes can be effectively accomplished with the use of remote sensing technology working at a finer 

scale; identifying the quality of protection afforded by microsites and the value of these refuges to organisms can 

be accomplished through investigating Te values with the help of biophysical models. 
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