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Abstract

Accurately predicting exposure of animals to climate change requires evaluating the effects of warming on the microcli-
mates they occupy. Birds, like many other taxa, make extensive use of cool microsites in vegetation during hot weather.
Taking advantage of recent advances in modelling tree canopy microclimates, we combined LiDAR-based individual tree
canopy mapping and biophysical modelling to evaluate the current and future availability of cool microsites in a subtropi-
cal African savanna landscape. We constructed biophysical models for two common bird species, an ~40-g bulbul and
an ~200-g hornbill, and modelled exposure to conditions under which the body temperature (7}) of individuals resting in
canopies exceeds 42 °C, equivalent to ~2 °C above resting thermoneutral T;,. At present, 34.5% of trees taller than 2 m in
our 139-ha study site provide microclimates in which resting 7, remained below 42 °C for both species during our study
period. Under a Representative Concentration Pathway 8.5 climate change scenario and assuming no change in vegeta-
tion structure, by the end of the Century the availability of microsites characterized by 7, < 42 °C will decrease to just
0.4% and 3.8% for bulbuls and hornbills, respectively. The proportion of trees in whose canopies bulbuls’ and hornbills’
exposure to 7, > 42 °C is limited to <10 d summer ! will decrease from 98 to 99% currently to 3.0% and 24.3% by
end-century, respectively. These findings reveal the magnitude of changes for birds in a savanna thermal landscape under
a business-as-usual emissions scenario.
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Introduction

Increases in global temperature and the frequency and
intensity of extreme weather events such as heatwaves and
droughts associated with advancing anthropogenic climate
change (IPCC 2021) are causing myriad effects on animals
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(Bellard et al. 2012; Parmesan and Yohe 2003). Variation
among and within species in terms of their relative vulner-
abilities to warming arises from intrinsic organismal and
extrinsic environmental variables that determine sensitiv-
ity and exposure, respectively (Williams et al. 2008). Pro-
tected areas, the cornerstone of modern conservation efforts,
shield populations from habitat loss and degradation (Gray
et al. 2016), but are not exempt from the impacts of climate
change (Aratjo et al., 2004; Kharouba and Kerr, 2010).
South Africa’s network of National Parks, for example, has
seen significant warming in most parks over the past five
to ten decades, which in many cases has occurred at rates
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exceeding mainstream predictions for rates of warming (van
Wilgen et al. 2016).

In hot environments, increasing air temperatures (7,;,) are
associated with a suite of negative effects on birds and other
animals. During extreme heatwaves, acute heat exposure
over time scales of minutes to hours can lead to mortality
when the temperature of an animal’s immediate surround-
ings exceeds its capacity to defend its body temperature (77,)
at sublethal levels via evaporative cooling or when cumula-
tive evaporative water losses exceed dehydration tolerance
limits (Finlayson 1932; McKechnie and Wolf 2010; McK-
echnie et al. 2021). The risks of lethal hyperthermia increase
with atmospheric humidity, as high humidity impedes evap-
orative heat dissipation and reduced heat tolerance limits
(Lasiewski et al. 1966; Ratnayake et al. 2019; Freeman et
al. 2024). Chronic exposure to sustained hot conditions over
time scales of days to weeks is associated with a suite of
sublethal fitness costs, including declining body mass and
compromised breeding success (du Plessis et al. 2012; van
de Ven et al. 2020; Pattinson et al. 2022). These fitness costs
of hot periods result from behavioural trade-offs between
foraging and thermoregulation, with missed-opportunity
costs arising from increases in behaviours such as panting
and shade-seeking (Cunningham et al. 2021).

A key determinant of animals’ exposure to hot weather
is the heterogeneity of the thermal landscapes they occupy
(Bakken 1976, 1989; Sears et al. 2011). Vegetation is an
important modulator of microclimates as leaves intercept
solar radiation to create shade, as well as reducing in-can-
opy temperatures through cooling via evapotranspiration
(Oke 2002; Walsberg 1985; Wolf and Walsberg 1996). In
particular, shady vegetation can provide cool microclimates
with reduced exposure to solar heat loads and their associ-
ated high operative temperatures (7, Bakken 1976; Robin-
son et al. 1976). Operative temperature is a more accurate
representation of the thermal conditions an organism expe-
riences than 7,;,, as T, incorporates radiative, conductive and
convective heat fluxes as well as properties of the organism
(Bakken and Gates 1975; Bakken 1976). As T, can differ
between shaded and exposed microsites by > 10 °C for small
birds (e.g., Wolf et al. 2000), occupancy of arboreal micro-
sites during extreme heat can reduce the likelihood of lethal
hyperthermia or dehydration. For this reason, predicting
species exposure and vulnerability requires incorporation of
thermal landscape heterogeneity at spatial scales relevant to
the species of interest (Carroll et al. 2016; Tomecek et al.
2017).

The last decade has seen the re-emergence of biophysical
ecology as a tool for predicting species’ responses to cli-
mate change (reviewed by Briscoe et al. 2023). Biophysi-
cal models predict heat exchange, body temperature and
behaviour over ranges of environmental temperature when
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parameterized with organismal traits spanning morphology,
behaviour and physiology (Kearney and Porter 2009; Rid-
dell et al. 2019; Briscoe et al. 2023). This approach pro-
vides the basis of fine-scale modelling of energy and water
balance through space and time, permitting detailed evalu-
ation of range limits and life-history bottlenecks under past,
present and future conditions (e.g., Kearney et al. 2016;
Mathewson et al. 2017). Although biophysical modelling
tools such as the NicheMapR package (Kearney and Por-
ter 2016) can predict microclimates at fine spatial scales,
the accuracy of predictions can be refined further by incor-
porating detailed vegetation structure characteristics (Bris-
coe et al. 2023). One potential source of such information
is high-resolution vegetation mapping using airborne Light
Detection and Ranging (LiDAR; Lohani and Ghosh 2017;
Nagendra et al. 2013; Davies and Asner 2014). Linking bio-
physical modelling with LiDAR-based vegetation mapping
potentially provides the basis for high-resolution charac-
terisation of thermal landscapes for arboreal animals across
large areas, including the incorporation of species-specific
thermal physiology into evaluations of habitat suitability at
fine spatial scales.

To evaluate the incorporation of LiDAR-based vegeta-
tion mapping into biophysical models of avian exposure to
lethal effects of extreme heat events, we modelled the diurnal
microclimates experienced by different-sized birds resting
within tree canopies under current and likely future climate
for a 139-ha study site in southern Kruger National Park,
South Africa. Our approach involved several steps. First, we
used LiDAR data to quantify the height and structural char-
acteristics of every tree with a height>2 m in the study site.
Second, we built a biophysical model using the NicheMapR
package and validated predictions before modelling within-
canopy microclimates and using these data as input for
biophysical models for two representative bird species com-
mon in the area, the ~40-g dark-capped bulbul (Pycnonotus
tricolor; hereafter, bulbul) and the ~200-g southern yellow-
billed hornbill (Tockus leucomelas; hereafter, hornbill). We
selected these species because of their 5-fold range of body
mass and the availability of data on their thermal physiol-
ogy during heat exposure (van Jaarsveld et al. 2021; Free-
man et al. 2022). Finally, we modelled exposure of bulbuls
and hornbills to in-canopy microclimate associated with
maximum 7}, of perched, resting individuals of each species
exceeding a threshold value of 7, = 42 °C under current
and anticipated future climates. The overall aim of the study
was to quantify the role of vegetation in buffering birds and
other small animals from potentially lethal conditions dur-
ing heatwaves in a mesic southern African savanna.
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Materials and methods
Study site

The study was conducted in the Nkuhlu herbivore exclo-
sure (24°58'S, 31°46'E), a 139-ha fenced area inaccessible
to meso- and megafauna located on the northern bank of the
Sabie River approximately 25 km east of Skukuza in the
Kruger National Park (KNP), South Africa (Supplementary
Material Figure S1). The area has a summer rainfall climate
(Williams et al. 2009) with mean annual precipitation of
550+ 160 mm (Majozi et al. 2017), an average daily mini-
mum 7, ranging between 5.6 °C (June) and 20.6 °C (Janu-
ary) and daily maximum 7; 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 damaging installed equipment, although woody
cover is higher than in the surrounding landscape where it
is reduced by herbivores (especially African bush elephants
Loxodonta africana; Asner and Levick 2012).

The topography of the Nkuhlu exclosure includes a hill-
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
include Vachellia grandicornuta, Euclea divinorum, Spi-
rostachys africana and Pappea capensis, whereas the most
common species on the sandy crest are Dichrostachys cine-
rea, Senegalia nigrescens, V. exuvialis, Combretum apicu-
latum, C. heroense, C. zeyheri, Grewia flavescens and G.
bicolor, Lannea schweinfurthii, Rhigozum zambesiacum,
Ormocarpum trichoparum and Philenoptera violacea
(Siebert and Eckhardt 2008).

Vegetation structural mapping

We used LiDAR data collected during January and February
2020 using a rotary-wing Unoccupied Aerial Vehicle (UAV;
DIJI M600 Pro, DJI, Shenzhen, China). Multiple flights of
~15 min each were flown at 8 m s~ ' with parallel flight
lines at 100 m above ground level following the methods
of Boucher et al. (2023). The LiDAR data were collected
using the Harvard Animal-Landscape Observatory (HALO;
Boucher et al. 2023) sensor package, which contains a Riegl
VUX-1 LR (Riegl Laser Measurement Systems, Horn,
Austria) laser scanner with a 600 kHz pulse rate. LIDAR
data obtaining using the HALO sensor package have been
validated previously in KNP (Singh et al. 2023). For the
purposes of this study, LIDAR was used to map individual
trees>2 m in height within the Nkuhlu exclosure. LIDAR
data were used to extract maximum height and average den-
sity values (measured as plant area index following Boucher

et al. 2023) for individual trees for model validation and
subsequent modelling.

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 (Boucher 2023). The foliage 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, follow-
ing Boucher et al. (2023).

Trees were segmented from the rasterized CHM follow-
ing a series of three steps, all performed in R software ver-
sion 4.0.4 (R Core Team 2021) using the rLiDAR (Silva et
al. 2017) and ForestTools (Plowright and Roussel 2018)
packages. The first step was identifying individual treetops,
delineated by tree height. This task was accomplished using
a window function and variable window function (Popescu
and Wynne 2004). The window functions scan the CHM for
the highest cells within the set window, and these cells are
then tagged as treetops. The second step was to delineate
individual tree crowns using a watershed function (Beucher
and Meyer 2018) from which individual tree canopy area
was calculated for all trees higher than 2 m within the
exclosure.

NicheMapR model and validation of black bulb
temperatures

We deployed 34 black bulbs each consisting of a copper
sphere painted matt black with a miniature temperature log-
ger mounted in the centre, recording 7, every 20 min dur-
ing the austral summer of 2021-2022. The black bulbs were
placed in multiple locations across the study site, includ-
ing exposed and shaded locations in the canopies of several
common tree species. The trees were selected to represent
the range of available heights (2-18 m) and canopy densi-
ties. Further details of black bulb construction and deploy-
ment are provided in the Supplementary Materials. The
black bulb 7, data collected in this way were then compared
to the outputs of a biophysical model constructed using
the NicheMapR package (Kearney and Porter 2016). We
used five sub-models implemented in the R programming
environment, namely (1) NicheMapR’s base microclimate
model, (2) the microclima package (Maclean et al. 2019),
(3) the microclime package (Maclean and Klinges 2021),
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(4) NicheMapR’s ectotherm model (Kearney and Porter
2020) and (5) NicheMapR’s endotherm model (Kearney et
al. 2021). The NicheMapR base microclimate model used
the micro ncep function along with site specific inputs
(e.g. location, elevation, slope and aspect) and user-defined
inputs (e.g., height of the organisms and maximum percent-
age shade values) to predict a set of microclimate conditions
for a specified location (Kearney and Porter 2016). The
NicheMapR package together with the microclima package
used NCEP-DOE Reanalysis 2 (Kanamitsu et al. 2002) to
obtain historical weather data, which were then downscaled
to 30-m? resolution. To quantify air temperature (7}, ) in the
exclosure plot and to validate the base microclimate model,
a Davis Vantage Pro 2 weather station (Davis Instruments,
Hayward, USA) was positioned away from tree cover in an
open area of the exclosure (24°59°20.9"S 31°46°31.2"E)
and calibrated against a mercury-in-glass thermometer with
accuracy traceable to the National Institute of Standards
and Technology (USA). The distribution of daily maximum
T, predicted by the base microclimate model did not differ
significantly from the weather station data (Kolmogorov-
Smirnov, D=0.143, p>0.05), with predicted numbers
of days (d) per 2 °C interval in maximum 7}, accurate to
0.5+3.9 d (range: -4.0 d — 7 d; Supplementary Figure S2).

To predict the T, of black bulbs deployed in canopies, we
used the NicheMapR ectotherm model (Kearney et al. 2020)
parameterised for the black bulbs we used, with microcli-
matic outputs from the base microclimate model used to
predict the body temperature experienced by a model ecto-
therm. The model assumed that the bulbs were filled with
tissue, however the conductivity of the flesh was set to
0.025 Wm ! °C™!, similar to the thermal conductivity of air
(Graczykowski et al. 2017). We also used the microclimc
package (Maclean and Klinges 2021), hereafter referred to
as the canopy model, to model 7;;. and solar radiation within
canopies based on canopy characteristics using input vari-
ables derived from the CHM and including individual tree
canopy height and density, maximum canopy height and
mid-canopy height. In terms of microclimate inputs, T,
relative humidity (RH), wind speed (VLOC) and incom-
ing solar radiation (SOLR) at the specified heights from the
base microclimate model were used as inputs. The micro-
climate conditions derived from the canopy model were
then used as inputs for the ectotherm model to predict black
bulb T, within canopies (Fig. 1). These T, outputs were then
validated by comparing the frequency distributions of daily
maximum 7, and 7. (Supplementary Material). In gen-
eral, the model adequately predicted these variables, with
the distributions of predicted T,.,, differing significantly
from measured values for only 3/11 black bulbs (Supple-
mentary Table S2, Figure S4).

@ Springer

Fig. 1 Schematic representation of the process of determining ﬁnal}
model operative temperature (7;) or avian body temperature (7})) out-
puts, with the various sub-models incorporated numbered as in the
text. Inputs from the base microclimate model included air tempera-
ture (7};,), relative humidity (RH), wind speed (Vloc) and incoming
solar radiation (SOLR). Data derived from the Canopy Height Model
(CHM) included canopy height and density. Inputs from the canopy
model to the ectotherm and endotherm models included air tempera-
ture within the canopy (7 canopy) and SOLR. Validations are indicated
using red ovals, with more details provided in the Supplementary
Materials

NicheMapR models for two representative bird
species

To model avian T, experienced in tree canopies, we used
an endotherm model (function endoR devel) of the
NicheMapR biophysical modelling package (version 3.1)
and the aforementioned canopy model. The endotherm
model has previously been validated for southern yellow-
billed hornbills, southern pied babblers (Turdoides bicolor)
and southern fiscals (Lanius collaris) under standard meta-
bolic chamber conditions used for respirometry (Conradie et
al. 2023). These authors showed high levels of model accu-
racy compared to empirical thermoregulatory data across a
range of air temperatures (7,;. = 25-40 °C). We extended the
biophysical model to hornbills and bulbuls occupying tree
canopies, assuming model accuracy under respirometry con-
ditions approximates model accuracy under more complex
natural conditions. The detailed workings and validation of
the model have been described elsewhere (Kearney et al.
2021; Conradie et al. 2023). In brief, the model uses user-
specified physiological and morphological traits and com-
prises subroutines to calculate the metabolic rate necessary
to maintain 7} given conductive, convective, radiative and
evaporative heat exchange with the user-specified surround-
ing environment (Kearney et al. 2021). Specifically, we
used museum measurements of body and plumage dimen-
sions (Conradie et al. 2023) and the microclimate conditions
derived from the canopy model as input parameters.

The bulbul and hornbill models were then used to pre-
dict T, experienced in the canopy of each tree identified in
the CHM. To do so, we allocated each tree into one of 100
canopy height X density categories based on canopy height
(height: 2-3 m, 34 m, 4-6 m, 6-8 m, 810 m, 10-12 m,
12-14 m, 14-16 m, 16—18 m or 18-20 m) and density (ratios
between 0 and 1 in 0.1 increments based on CHM minimum
and maximum values). All vegetation lower than 2 m was
excluded during the tree segmentation process to ensure that
no grasses, shrubs or saplings were included in our analysis.
Of the 100 height X density categories, 61 were represented
in Nkuhlu. For each of these, maximum 7}, for bulbuls and
hornbills was predicted for each day over the austral sum-
mers (October to March) of 2021-22 and 2022-23. All
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thermal mapping and LiDAR visualisation was performed
in QGIS (version 3.24.3 Tisler; QGIS Development Team
2022). We then used these T, estimates to model the 7 of
resting bulbuls and hornbills and the frequency of exposure
to hyperthermia for both species. Bulbuls and hornbills have
normothermic daytime 7, of 40.4 °C (Freeman et al. 2022)
and 39.9 °C (van Jaarsveld et al. 2021), respectively, and
we considered 7}, > 42 °C indicative of hyperthermia. We
selected 7}, = 42 °C as a threshold as (a) this value is ~2 °C
above thermoneutral resting diurnal 7, for both species (van
Jaarsveld et al. 2021; Freeman et al. 2022) and (b) it is simi-
lar to the mean diurnal 7 (42.1+0.55 °C) of nine species
of birds (24—130 g) held in large flight aviaries during mid-
summer at a hot, arid site (Thompson et al. 2018). Thus, we
consider 7, = 42 °C a reasonable threshold for 7 exceeding
thermoneutral setpoints for inactive birds perched in trees

Tree height (m)

during the heat of the day. We also modelled 7} for the two
species based on CMIPS5 projections for the period 2080—
2100, using experiment rlilpl and RCP 8.5 scenario of the
CCSM4 projection from CMIP (https://cds.climate.coperni
cus.eu/cdsapp#!/home).

Results
Vegetation structure

The tree segmentation from the LiDAR-derived CHM pro-
duced 21,671 individual tree canopies taller than 2 m at the
study site (Fig. 2). The height categories of 2-3 m, 3—4 m,
and 4-6 m represented 37.2%, 28.2% and 21% of the trees,
respectively. A further 8.9% of trees were 6—8 m tall and

2 3 4 6 8 10 12 14
Fig. 2 The heights and locations of the trees identified by the LIDAR-

derived tree segmentation process in Nkuhlu, Kruger National Park,
South Africa. White areas on the map depict bare ground or vegeta-
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tion<2 m in height. Insets A-C represent riverine and sodic areas, D
and E represent areas with high tree densities and F represents an area
with lower tree density
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4.7% were 8—16 m tall. Very few trees (n=37; 0.2%) were
taller than 16 m. Most of the trees (~30%) 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.

Avian exposure to hyperthermic body temperatures

Variation in canopy thermal properties was reflected in
the frequency at which resting birds are exposed to ther-
mal environments associated with hyperthermic 7, > 42 °C
under current conditions. For dark-capped bulbuls, exposure
during the study period varied from <5 d summer ' in large
trees with dense canopies (Fig. 3, left panel) to > 10 d sum-
mer ! in trees with sparser canopies. The larger southern
yellow-billed hornbills experienced quantitatively similar
exposure (0-10 d summer ') to hyperthermic 7, > 42 °C at
present (Fig. 4, left panel). For both species, the canopies of
~98.8% of trees at Nkuhlu currently provide microclimates
in which resting 7}, exceeds 42 °C on < 10 d summer™'. By
the end of the century (assuming no change in vegetation
structure), however, exposure for both species will increase
substantially, with some canopies exposing birds to 7}, >
42 °C on >70 d summer ! (Figs. 3 and 4 right panels). The
magnitude of increases will be greater for the 40-g bulbuls
compared to the 200-g hornbills (Fig. 5). The percentage
of trees at the study site that provide canopy microclimates

that will buffer bulbuls from resting 7, > 42 °C on <10 d
summer ' will decrease to 3.0%, with 74.3% of trees expos-
ing bulbuls to hyperthermia on > 70 d summer ' by the end
of the Century (Fig. 5). For the hornbills experiencing end-
Century climate, 24.3% of tree canopies will limit exposure
to <10 d summer ! and 33.1% of canopies will shift to
exposure levels of 70 > d summer ™!,

Maximum 73, experienced by bulbuls and hornbills during
summer will also increase substantially (Figs. 6, 7 and 8). At
present, 34.5% of trees at Nkuhlu provide canopy micro-
sites within which bulbul and hornbill 7, remains <42 °C
throughout summer. By the end of the Century, only 0.4% of
trees will allow bulbuls to avoid resting 7, > 42 °C during
summer, and 7}, will exceed 44.5 °C in 87.7% of trees. For
hornbills, 3.8% of trees will still provide microclimates in
which T} remains <42 °C, but most (50.5%) will be associ-
ated with 7y, > 44.5 °C (Fig. 8).

Discussion

Our findings demonstrate that savanna thermal landscapes
experienced by birds and other small organisms are highly
heterogenous. The marked variation among tree canopies in
terms of exposure of resting birds to hyperthermia reveals
the importance of dense-canopied tree species as avian ther-
mal refuges during hot weather. Our findings further show

Future (2080 — 2100)

0 100 200m
[ S—

Number of Days T, > 42 °C

UOUODEOEENENNNENENENE

Fig. 3 Exposure of dark-capped bulbuls (Pycnonotus tricolor; ~40 g)
to body temperature (7,)>42 °C while resting in vegetation during
the austral summers of 2021-22 and 2022-23 (left panel) and under
climate predicted for 2080-2100 (right panel) in a 139-ha area of

southern Kruger National Park, South Africa, at the scale of individual
tree canopies. The colour scale bar shows the total number of days per
summer on which a biophysical model predicts bulbuls’ 7} to exceed
42 °C during the heat of the day
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Study Period

Future (2080 — 2100)

Number of Days T, > 42 °C

SO TITTE CTITITED

Fig. 4 Exposure of southern yellow-billed hornbills (Tockus leucome-
las; ~200 g) to body temperature (7}) > 42 °C while resting in vegeta-
tion during the austral summers of 2021-22 and 2022-23 (left panel)
and under climate predicted for 20802100 (right panel) in a 139-ha

area of southern Kruger National Park, South Africa, at the scale of
individual tree canopies. The colour scale bar shows the total number
of days per summer on which a biophysical model predicts hornbill T;,
to exceed 42 °C during the heat of the day

= Current

. Future

14000 T Hornbills Bulbuls T 14000

12000 + r 12000

10000 + r 10000
8 8000 H - 8000 3
) o
— 6000 - + 6000

4000 - 4000

2000 H lJ + 2000

0 - : l_ : ; . -0
0 20 40 60 80 0 20 40 60 80

Days per year with T, > 42 °C

Fig. 5 Frequency of current (blue) and future (red; 2080-2100) expo-
sure to days on which body temperature of southern yellow-billed
hornbills (Tockus leucomelas, left panel) and dark-capped bulbuls

how the value of vegetation in providing thermal refuges
under future climate varies across bird species. Although
both species modelled here will encounter marked declines
in the availability of cool microsites in the canopies of
large, shady trees by the end of the Century, the magnitude
of the decline will be greater for dark-capped bulbuls than

@ Springer

(Pycnonotus tricolor; right panel) exceeds 42 °C while resting in vege-
tation in a 139-ha area of southern Kruger National Park, South Africa

southern yellow-billed hornbills (Figs. 5 and 8). Although
smaller species may, a priori, be expected to have access
to more cool microsites than larger species, we suspect this
observation reflects the greater surface area / volume ratios
of smaller species and hence higher mass-specific radiative
heat gains. Even in tree canopies with near-complete shade,
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Study Period Future (2080 — 2100)

Maximum Body Temperature (T,, °C)

DDDDDDDDDD EERERERENR

o 0r 0f 0 et o e »® ©°

Fig.6 Predicted maximum body temperature (7,) for dark-capped bul- climate predicted for 2080-2100 (right panel) in a 139-ha area of

buls (Pycnonotus tricolor; ~40 g) while resting in vegetation during southern Kruger National Park, South Africa, at the scale of individual
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billed hornbills (Tockus leucomelas; ~200 g) while resting in vegeta- area of southern Kruger National Park, South Africa, at the scale of
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Fig. 8 Frequency distributions of maximum body temperatures (77,
of dark-capped bulbuls (Pycnonotus tricolor; left panel) and southern
yellow-billed hornbills (Tockus leucomelas; right panel) while resting
in tree canopies under current (blue) and future (red; 2080-2100) cli-

a resting bird still experiences radiative heat gain from sur-
rounding objects with surface temperatures higher than its
own, and potentially via reflected solar radiation.

Our analysis focused on hyperthermia exposure during
hot weather. However, birds also encounter a risk of dehy-
dration, which can be lethal if cumulative water losses for
evaporative cooling exceed dehydration tolerance limits
(McKechnie and Wolf 2010; Albright et al. 2017; Conradie
et al. 2020). For instance, assuming birds can lose up to
15% of their body mass before lethal dehydration occurs,
a bulbul perched in an exposed microsite where 7, = 48 °C
would reach its lethal dehydration limit in 2.5 h (estimated
from evaporative water loss measurements for this species
by Freeman et al. 2022). In the canopy of a D. cinerea (can-
opy density ratio=0.617), it would experience T, = 46 °C,
and would reach 15% body loss in 4.5 h. In contrast, at the
same height above ground, but in the denser canopy of a
Kigelia africana (canopy density ratio=0.741), it would
experience T, = 35 °C and only reach its dehydration toler-
ance limit after 5 h. Dehydration risk scales negatively with
body mass, with small birds reaching dehydration tolerance
limits more rapidly than larger species for a given 7,;, (McK-
echnie and Wolf 2010). Taken together with our observation
that declines in cool microsite availability will be greater
for 40-g bulbuls compared to 200-g hornbills, warming
may lead to community shifts on account of smaller species
being more severely affected by extreme heat events.

The increased hyperthermia and dehydration risks during
acute exposure to extreme heat events is only one category
of direct impacts of higher 7,;.. In addition to the impacts of

1

acute heat exposure, rising temperatures are also associated
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mate. Body temperature categories are binned in 0.5-°C intervals, and
frequencies are expressed as the number of trees in which 7, will not
exceed a specific maximum temperature (x-axis) per summer in a 139-
ha area of southern Kruger National Park, South Africa

with a suite of sublethal fitness costs associated with missed
opportunities because of behavioural trade-offs between
foraging and thermoregulation (reviewed by Cunningham
et al. 2021). Many of these trade-offs are also dependent
on vegetation characteristics and birds’ exposure to high 7.
For instance, arboreal insectivores and frugivores are likely
able to forage for longer in the mornings before having to
curtail activity during very hot weather compared to species
that forage on the ground in exposed locations. Even for
the latter foraging guild, however, foraging bouts may be
extended if individuals can retreat to deep shade to dissipate
heat loads incurred while foraging in the open. The loss of
thermally buffered canopy microclimates with advancing
climate change may thus affect these behavioural trade-offs
if birds can no longer retreat to cool microsites between for-
aging bouts (du Plessis et al. 2012; Cunningham et al. 2015;
van de Ven et al. 2019). Similarly, the impacts of behav-
ioural trade-offs on breeding success and offspring quality
(e.g., Cunningham et al. 2013; Bourne et al. 2020; van de
Ven et al. 2020) will likely be compounded by the loss of
cool canopy microsites. For species that defend territories
for part or all of their annual cycle, shade availability and
quality will become an increasingly important aspect of
territory quality. Overall, our findings reiterate that mesic
savanna birds are likely to undergo major declines in com-
ing decades, similar to those predicted for arid-zone species,
if climate change predictions hold (Conradie et al. 2019; Ma
etal. 2023).

Our study had several limitations. One was that we did not
empirically quantify variation in humidity across tree cano-
pies. Humidity increases avian exposure to hyperthermia
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by impeding evaporative cooling at elevated humid-
ity (Lasiewski et al. 1966; Weathers 1997; Freeman et al.
2024). Elevated humidity is thought to have been a factor in
a recent avian mass mortality event in eastern South Africa
(McKechnie et al. 2021) and is a predictor of heat-associ-
ated mortality among pteropodid fruit bats in Australia (Rat-
nayake et al. 2019). Although our biophysical models for
two bird species incorporated predicted humidity during our
study period, future changes in precipitation regimes and
humidity could affect hyperthermia risk. A second limita-
tion concerns our assumption that biophysical models were
validated using respirometry data under conditions where
T,;: = T, accurately predict 7, in more complex natural ther-
mal environments. Validating the models’ predictions here
would likely have required taxidermic 7, mounts of the
two species. However, van de Ven et al. (2019) found that
60-mm black bulbs (identical to those we used here) closely
matched 7, measured using hornbill taxidermic mounts, and
a NicheMapR model constructed for vervet monkeys (Chlo-
rocebus pygerythrus) and validated with metabolic chamber
data subsequently accurately predicted 7, of free-ranging
individuals in natural thermal environments (Mathewson et
al. 2020). Finally, for a few black bulbs (3/11) our valida-
tion revealed significant differences between predicted and
measured 7., (Supplementary Table S2). Maclean et al.
(2021) reported mean absolute errors of ~2.8 °C for below-
canopy temperatures predicted by micoclime. The differ-
ences between our actual and predicted T, should be kept in
mind when interpreting our results, and reiterate the scope
for refining biophysical models.

Furthermore, we assumed no changes in vegetation
structure and quantified end-Century exposure to hyper-
thermia using current structure. An analysis of future veg-
etation change in Kruger National Park that incorporated a
range of management regimes and climate change scenarios
projected the largest overall decreases in net primary pro-
duction in the Skukuza region (Bunting et al. 2016). How-
ever, considerable variation is expected among vegetation
size classes, with the area predicted to see large declines in
herbaceous and shrub vegetation but increases in tree green
leaf, particularly fine-leafed Vachellia and Senegalia (previ-
ously Acacia) species (Bunting et al. 2016). Among trees
common at Nkuhlu, Vachellia spp. tend to have sparse cano-
pies (Supplementary Table S1), whereas the broad-leafed K.
africana, S. africana and Sclerocarya birrea are among the
species with the coolest canopies. A recent study of K. afri-
cana in west Africa showed niche conservatism was lacking
among subgroups delineated using climate envelopes and
consequently this species’ responses to climate will be vari-
able (Yamontche et al. 2024). The distribution of marulas
(S. birrea) in Eswatini is anticipated to shift out of warmer
savanna habitats and into cooler grasslands (Mtsetfwa et al.

2023). If dense-canopied tree species decline at Nkuhlu, our
modelling may overestimate the availability of cool canopy
microclimates available to birds later this century. More-
over, the higher vegetation density within Nkuhlu compared
to surrounding areas because of the exclusion of most herbi-
vores means our models likely overestimate both the current
and future availability of buffered tree canopy microsites,
making our projections a best-case scenario for this part of
KNP.

The role of vegetation in buffered microclimates during
hot weather to birds and other arboreal animals has a bearing
on several aspects of savanna management, which involves
challenges including megaherbivore management (Cook
and Henley 2019) fire management (Bond and Midgley
2012) and bush encroachment (O’Connor et al. 2014). For
instance, African bush elephants (Loxodonta africana) are
the primary agent of treefall in KNP and exert an influence
on treefall rates up to twice that of fire frequency (Asner
and Levick 2012; Asner et al. 2016). Elephant-associated
treefall primarily involves trees with heights of 5-9 m and is
approximately 6-fold higher compared to experimental her-
bivore exclosure plots (including Nkuhlu; Asner and Levick
2012), reducing the availability of cool microclimates for
birds and other taxa. In protected areas such as KNP, active
management of megaherbivore populations is a key ele-
ment of maintaining thermal landscape heterogeneity and
the availability of vegetation providing refuges for birds and
other animals during hot weather.

In many regions, savannas are threatened by increases
in woody cover associated with several factors (Bond and
Midgley 2012; February et al. 2013; Roques et al. 2001).
The increase in woody cover in savannas can have nega-
tive impacts on biodiversity (Ratajczak et al. 2011), yet
the relationship between shrub encroachment and savanna
bird assemblages is complex. Bush encroachment generally
leads to decreases in bird richness and changes to species
assemblages (Sirami et al. 2009; Sheuyange et al. 2005;
White et al. 2024), but in some cases the canopy microcli-
mates provided by dense-canopied encroacher species could
increase the availability of cool microclimates. The capac-
ity of shrubs to act as refuges from increasing temperatures
(Milling et al. 2018) will likely be an important aspect of
future studies and management practices for savannas. Cur-
rent management practices include high intensity fires that
effectively reduces woody cover in the short term (Smit
et al. 2016; but see Strydom et al. 2023), but frequent and
intense fires often result in the loss of tall trees (Shannon et
al. 2011; Smit et al. 2016).

By combining LiDAR-derived vegetation structure and
biophysical modelling, we were able to quantify current
and future microclimates in each of the 21,671 trees taller
than 2 m in a 139-area of southern Kruger National Park.
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Although our study was restricted to one study site, it pro-
vides a proof-of-concept that can be applied more widely.
Evaluating landscapes in terms of their thermal properties
and potential to buffer animals from the negative effects
of more frequent and intense heat waves is becoming pro-
gressively more important in protected area management.
The modelling exercise we present here reveals how the
availability of cool microsites for birds and other arboreal
animals in savanna habitats will likely decrease in coming
decades, with dire consequences for species persistence.
Similar to arid-zone birds (Albright et al. 2017; Conradie
et al. 2019; Ma et al. 2023), the avifaunas of tropical and
subtropical savannas may experience severe declines during
the 21st Century as climate change advances.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00484-0
24-02833-z.
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