iIScience

Narrow thresholds of canopy disturbance determine
the microclimate buffering potential of tropical

forests

Graphical abstract

Surface Area (%)
o
o

L
et

Surface Area (%)

N}
A

60

70 8 70 8
Canopy Cover (%) Canopy Cover (%)

0 % 60 0 )

60%

80%

Severe Surface Warming (+ 3 °C)

Highlights

® Logged tropical forests are hotter, which may impact
biodiversity in the future
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invertebrates in a tropical forest
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@ High canopy cover forests buffered all invertebrates even
following severe warming
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SUMMARY

The importance of protecting logged and recovering tropical forests has gained much attention. Disturbed for-
ests can, however, have hotter microclimates, exacerbating the effects of future climate change. Using thermal
imaging we captured understory surface temperatures along a gradient of tropical forest disturbance, and
compared these to the upper thermal limits (CTmax) of invertebrates within the same forests. Surface temper-
atures exceeding the CTmax of invertebrate groups occurred once canopy cover fell below 76%. In highly
degraded forests, surface niche space was reduced by 22% for the most sensitive taxa, and this doubled
following simulated warming of +3°C. In contrast, all invertebrate groups were buffered in sites that retained
80% canopy cover or higher even following severe warming. We demonstrate a narrow threshold of canopy
disturbance beyond which microclimate buffering is significantly diminished. These findings illustrate the
importance of conserving high canopy cover forests to protect tropical biodiversity in a hotter future.

INTRODUCTION

With continuing degradation of tropical habitats, considerable
attention has been paid to the conservation value of logged trop-
ical forests, providing powerful arguments for their inclusion
in the conservation estate."™ However, the ability of these
already-disturbed environments to provide refuge for biodiver-
sity following climate change remains poorly understood.””’
Tropical landscapes that were recently dominated by old-growth
forests now largely appear as mosaics of old growth, varying
quality logged and recovering forest alongside pasture and plan-
tation.® Such landscape modification has been shown to in-
crease local temperatures,® which can have profound impacts
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on tropical forest organisms and the functions they perform.'°
It is therefore likely that projected increases in global tempera-
tures will disproportionately affect forest-adapted species living
in human-modified tropical landscapes, thus reducing the future
conservation potential of these forests, although the ecological
effects of local and global climate changes acting in concert
remain unclear.

Microclimate change arising because of human disturbance
can define the community composition and activity of
tropical forest organisms.'® Microclimates also impact a variety
of ecosystem processes such as decomposition,’" plant germi-
nation,’® biogeochemical cycling,’® and soil respiration.'*
Disturbance arising from timber extraction opens forest
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Figure 1. Mean and maximum air and sur-
face temperatures in relation to canopy
cover

(A) Mean air and surface temperatures in relation to
canopy cover. Both measurements of temperature
decline significantly with increasing canopy cover,
although mean surface temperatures decline more
rapidly.

(B) Maximum air and surface temperature in
relation to canopy cover. Maximum air tempera-
tures showed no significant relationship with can-
opy cover, but maximum surface temperatures
increased dramatically as canopy cover decreased.
Points represent individual sampling plots, fitted
lines are from linear (LMER) or generalized linear
(GLMER) mixed effects regression, with shaded
polygons representing 95% confidence intervals.
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canopies and thereby changes radiation'® and air fluxes, '® lead-
ing to considerable changes in microclimate at ground level.'”'®
In contrast, the intact canopy and high leaf density in undis-
turbed forests intercepts most solar radiation, and combined
with high rates of evapotranspiration, creates relatively cool
and homogenous conditions on the forest floor.' These struc-
tural differences mean that air temperatures in logged tropical
forests are higher and more variable than those in unlogged trop-
ical forests, with an average increase of 1.1°C globally.® Studying
changes to tropical forest microclimates is therefore funda-
mental if we wish to develop our understanding of the resilience
of these ecosystems to disturbance and climate change.”*°
Most animal species are ectotherms®’ including in the tropics,
where invertebrates are numerically and functionally domi-
nant.*>?® As ectotherms, tropical invertebrates are physiologi-
cally and behaviorally constrained by local environmental tem-
peratures.'® However, ambient air temperatures may not reflect
the thermal environment experienced by invertebrates such as
small insects, for which body temperatures are directly influ-
enced by radiation, reflection, and conductance from the bound-
ary layers of the surfaces they encounter.’* For example,
on forest floors, surface temperatures modulate the foraging of
ants,”>?’" which are the primary drivers of predation®® and
resource removal in the tropics.? Similarly, on leaf surfaces in
the forest understory, spatial patterns of temperature determine
the behavior and distribution of phytophagous insects,***" which
are important agents of herbivory and exert control over plant
community dynamics.*” While air temperatures beneath tropical
canopies are becoming better understood,'®*° surface tempera-
tures at the microscale within tropical forests remain less well
studied (but see in the studies by Scheffers et al. and Senior
et al.*>*%) despite being a crucial determinant of insect body tem-
perature. Moreover, while some recent studies have relativized
tropical microclimate dynamics using plant biotic responses,®®
only rarely are microclimate data in these habitats made relative
to the thermal physiology of animal species such as insects.*®
This knowledge gap constrains our ability to quantify the buff-
ering potential of tropical forest canopies for biodiversity.”*’
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Here, we investigate the impact of disturbance on the microcli-
matic buffering capacity of tropical forests at the scale of function-
ally important invertebrates. We used thermal imaging to capture
the two-dimensional landscape of surface temperatures on the
forest floor along a gradient of forest disturbance from 90%-
60% canopy cover (Figure in STAR Methods). From the same lo-
cations we collected over 5000 individuals from 129 invertebrate
taxa representing a range of trophic and functional groups,
including ants, termites, dung beetles, non-coprophagic beetles,
moths and leeches, and measured their upper thermal limits
(CTmax). To test how reductions in canopy closure affected
microclimate buffering, we calculated the percentage surface
area of forest floor and understory that would exceed the thermal
limits of the different invertebrate groups, under both current con-
ditions and simulated future warming scenarios of +1°C and +3°C.
We then determined how decreasing canopy cover altered the
available surface niche area available to invertebrates, thus allow-
ing us to investigate the combined effects of logging and potential
climate warming on biodiversity. Specifically, we hypothesized
that while air temperatures may be buffered even in relatively
disturbed forests, surface temperatures would exceed the upper
thermal limits of invertebrates in degraded forest patches, and
that this effect would be exacerbated by simulated warming.

RESULTS

Surface vs. air temperatures

Air temperatures varied from 23.7°C to 36.1°C (mean 27.6°C),
and surface temperatures varied from 22°C to 57.3°C (mean
27°C) across sites. Canopy closure varied by 29.7%, from a
high of 90.3% in old-growth forest to 60.7% in the most
disturbed logged forest sites.

Reductions in canopy closure led to differences in mean air
and surface temperatures, with surface measurements showing
a greater magnitude of change over the same gradient of chang-
ing canopy closure (air slope = —0.1, se = 0.5, surface slope =
-0.20, se = 0.64, p < 0.0001, R?, = 0.30, R% = 0.65)
(Figure 1). For each 5% reduction in canopy closure, mean air
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Figure 2. The relationship between the
amount of surface area that has surface
temperatures exceeding CTmax and forest
cover for six invertebrate groups

(A) dung beetles, (B) leeches, (C) termites, (D) ants,
(E) moths, and (F) non-coprophagic beetles. Three
warming scenarios are shown (Present climate,
moderate warming (+1°C) and severe warming
(+3°C). Points represent individual sampling plots.
Lines are predicted from generalized additive
models (GAMM), with predicted lines representing
where the trend is significantly different from zero,
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. i.e., the point along the x axis where at least 1% of
90 the total surface becomes hotter than CTmax, with
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intervals.

60% canopy closure, 22% of the surface
area exceeded the CTmax of the most
sensitive invertebrate groups during the
hottest parts of the day. In contrast,
plots with canopy closure above 80%
experienced no deleterious surface tem-
& peratures for any invertebrate group.
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80 90 This threshold was further highlighted
following simulated surface warming,
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with the most degraded areas experi-
encing a total reduction in thermally buff-
ered surfaces of 42% for the most sensi-
tive taxa following 3 degrees of warming.
In contrast, forests with canopy cover of
80% or above withstood all simulated
climate warming with none of the surface
area surpassing the CTmax for any of the
invertebrate groups measured (Table 1;
Figure 2).
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temperatures increased by 0.5°C (se = 0.5, p < 0.05, R%,, = 0.16,
R2, = 0.53) and mean surface temperatures increased by 1°C
(se = 0.64, p < 0.01, R?,, = 0.26, R%; = 0.76) (Figure 1).

Reductions in canopy closure also led to differences in
maximum air and surface temperatures, again with surface
measurements showing a much greater magnitude of change
(air slope = —0.1, se = 1.02, surface slope = —0.82, se = 1.1,
p <0.0001, R?,, = 0.47, R%, = 0.65) (Figure 1). A reduction in can-
opy closure of 5% did not lead to a significant increase in
maximum air temperature (p = 0.08), but maximum surface tem-
peratures increased substantially by 4.1 °C (se = 1.1, p < 0.0001,
R, = 0.34, R%, = 0.8) (Figure 1).

Surface temperatures vs. CTmax

For all invertebrate groups, reductions in canopy closure below
76% led to a significant increase in the amount of surface area
exceeding CTmax (Figure 2). In the most degraded plots, with

80 %  DISCUSSION

Canopy Cover (%)

Understanding the impacts of forest

canopy disturbance on surface microcli-
mates has important implications for our understanding of
microhabitat availability of forest-adapted ectotherms in hu-
man-modified tropical landscapes. As hypothesized we found
that the availability of buffered surfaces, i.e., available microhab-
itat for temperature-sensitive understory ectotherms, diminished
with increasing canopy openness, though these trends were
non-linear. Importantly, our results highlight a very narrow
threshold of microclimate buffering for all taxa in our study.
When canopy cover falls below 76%, surface temperatures—
both currently and following moderate or severe surface warm-
ing—exceeded the community level thermal limits of all inverte-
brate groups measured. In contrast, forests retaining canopy
cover above 80% may be able to buffer organisms from extreme
temperatures, even following severe climate change. While more
sensitive taxa were expected to experience a greater reduction
in buffered surface space overall, this narrow threshold of distur-
bance was observed across all groups, regardless of thermal
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Table 1. Model outputs from GAMM models of canopy cover vs. surface area exceeding CTmax
Taxa Individuals CTmax (C) Time Period N F value Significance R2
Dung Beetles 543 40 Current 51 15.38 e 0.32
sd=1.3 Near Future 51 17.15 e 0.34
Future 51 20.42 e 0.38
Leeches 39 40.3 Current 51 14.91 ** 0.31
sd=1.3 Near Future 51 16.62 e 0.34
Future 51 19.96 e 0.38
Termites 1305 41 Current 51 13.91 il 0.29
sd=1.8 Near Future 51 15.51 i 0.32
Future 51 18.82 e 0.36
Ants 2359 42.4 Current 51 121 ** 0.25
sd=1.6 Near Future 51 13.37 e 0.28
Future 51 16.51 e 0.33
Moths 424 43.3 Current 51 11.15 ** 0.23
sd=1.4 Near Future 51 12.25 ** 0.25
Future 51 14.97 e 0.31
Beetles 368 43.4 Current 51 11.13 ** 0.23
sd=2.3 Near Future 51 12.13 ** 0.25
Future 51 14.87 e 0.31

Six invertebrate groups are represented, and models were run for three warming scenarios per group; none, moderate (+1°C) and severe (+3°C). In all
cases the effect of reducing canopy cover led to significant increases in the amount of surface area exceeding CTmax.

sensitivity. As a result of human activities, logged and frag-
mented forests are now a ubiquitous feature of the tropical land-
scape,’® and these habitats are a research and policy focus
because of their potential for biodiversity conservation.* Our re-
sults suggest that the ability of forests to conserve biodiversity in
a warmer future will depend on recent logging intensity and can-
opy openness, whereas old growth forests and logged forests
that have undergone sufficient canopy regeneration could pro-
vide crucial refugia even following severe warming.

Our results suggest that a narrow threshold of microclimate
buffering is crossed in tropical forests following reductions in
canopy closure of between 15% and 20%, a pattern that could
lead to abrupt and synchronous loss of biodiversity in heavily
degraded forests following climate change.®® This value is
remarkably similar to the threshold of 17% biomass removal
that has been highlighted as a tipping point below which tropical
forests experience rate changes of biodiversity loss.*® Previous
studies have highlighted narrow thresholds of disturbance
affecting communities of organisms including fishes,*® mam-
mals,”’ amphibians,*’ cavity-nesting birds,"* and decomposing
invertebrate guilds,*® suggesting that such tipping points may be
common in tropical forest ecosystems. Our results imply that
such thresholds of disturbance exist not only in terms of imme-
diate impacts on species assemblages, but also in the ability
of tropical forests to buffer organisms from further climate
warming.

Forecasting biodiversity responses to warming using thermal
physiology data are complex,** but remains a vital tool in pre-
dicting biodiversity responses to climate change and identifying
taxa at risk of extinction.**~*” Thresholds in thermal exposure
across a gradient of forest disturbance may be a product of
the relationship between microclimate and vegetation structure

4 iScience 29, 113936, February 20, 2026

but are also likely driven by the sensitivity of organisms to warm-
ing. If species share similar abiotic tolerances, we might expect
threshold responses to environmental change at the community-
level, as species are exposed to stressful conditions at similar
levels of warming.*® This could occur via macro-scale climate
change, localized microclimate change driven by habitat distur-
bance or both. It is important to note that thermal limits do vary
within the diverse invertebrate taxa studied here, but overall they
exhibit remarkably similar thermal limits that could drive clus-
tering in their tolerances to warming.*® While thermal exposure
estimates are not perfect, they are likely correlated with the
true tolerances of these taxa to warming. Indeed, we know that
at least for dung beetles and ants, these thermal limits do predict
the response of taxa to logging gradients and microclimate
change in this landscape.'%“° Accordingly, while it is difficult to
define absolutely accurate climate tipping points using physio-
logical thermal limits, our findings provide evidence for threshold
responses following disturbance and relativize microclimate
warming to ecologically relevant scales.

While general temperature increases are expected to generate
stressful conditions for tropical organisms in the future, extreme
events such as heatwaves and El Nifios may already be exerting
significant pressure on biodiversity in these ecosystems.*>?
Recently, heatwaves have been implicated in driving observed
declines in bird diversity even within primary tropical forests, %
yet forest canopies were previously expected to be able to buffer
bird communities from climate change.>* Similarly, stronger El
Nifos are likely to be responsible for parallel declines in inverte-
brates in undisturbed forests where canopy structure is intact.”"
Alarmingly, these invertebrate declines are also mirrored in
declining ecosystem functions such as leaf herbivory,®" which
is fundamental for the maintenance of plant community
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composition in tropical forests. While our findings imply that
intact canopies can buffer organisms from gradual, wholesale in-
creases to temperature over time, the effects of extreme events
are more difficult to forecast. We expect that such events are
already having significant impacts on biodiversity and
ecosystem functioning across the tropics, and that such effects
are likely to be even more pronounced in heavily degraded
forests.>?

Although natural processes such as tree falls can reduce can-
opy closure and alter microclimates at a local scale,”® logging
can alter the structure and abiotic conditions of forests at a land-
scape scale,® with over a fifth of tropical forests being logged be-
tween 2000 and 2005 alone.*® There is evidence to suggest that
tropical forests canopies can regenerate following logging, with
an accompanying recovery of the microclimate,®* though it is ex-
pected to take multiple decades and potentially well over a cen-
tury for canopy structure to return fully to a pre-logging state.*”-°
Assumptions about the buffering potential of tropical forests are
also predicated on the existing canopy remaining intact, but
increasing droughts and heatwaves are leading to tree dieback
and reduced seedling recruitment,®® generating uncertainty
about the structure of primary forest canopies in a warmer
future.’® Protection of high-quality logged forests and the
increased uptake of selective and reduced impact logging prac-
tices in active concessions will be crucial to maintain sufficient
coverage of intact canopies at the landscape scale. In more
degraded forests, interventions such as active restoration
through planting may be necessary to facilitate the recovery of
microclimate buffering.’° This will be crucial for the resilience
for tropical biodiversity in a hotter future.

Shifting microclimates following disturbance represent a
powerful and relatively understudied form of anthropogenic
climate change.®”"° How this interacts with larger scale temper-
ature changes brought about by global climate warming is un-
clear, but it seems probable that species existing within
disturbed forests will have to cope with the combined stresses
of global climate change on top of an already elevated thermal
environment.” Our results suggest that intact tropical forest can-
opies might be even more crucial for buffering the effects of
climate change than previously thought, and that emerging
microclimatic conditions in recently logged or heavily disturbed
tropical forests may be even more hostile to several rainforest or-
ganisms than anticipated. While the preservation of old growth
forests will therefore be fundamental for maintaining tropical
biodiversity in a warming world, these findings also raise a
powerful argument for adding high canopy cover logged forests
to the conservation estate, and for the targeted restoration of
highly degraded landscapes.

Limitations of the study

One limitation of our study is the lack of temporal replication.
Working in remote tropical forest sites, it was not practically
feasible to take repeat measurements at each location over the
course of the day and night. Instead we focused on maximizing
spatial replication and measured temperatures at the hottest
time of the day, when we expect the most thermally stressful
conditions to occur. Nonetheless, acute thermal stress is only
one aspect of thermal sensitivity: chronic thermal stress and
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elevated nocturnal temperatures are understudied and funda-
mental components of thermal biology.®"°? Similarly, we were
only able to measure temperatures and sample organisms for
thermal testing at the ground layer. Tropical forests have com-
plex three-dimensional structure, and a significant proportion
of biodiversity occurs in the canopy layer.?* Organisms living in
the canopy are likely to experience more extreme microclimate
variability than those at the ground layer, with understudied con-
sequences for community composition and function under
habitat degradation and climate change. We encourage future
research to investigate chronic and nocturnal thermal stress,
and to extend measurements to the forest canopy within human
modified tropical landscapes.

RESOURCE AVAILABILITY

Lead contact
Michael J. W. Boyle, mjwboyle@hku.hk

Materials availability
No novel materials were generated in this study.

Data and code availability

® Ants CTmax Database: https://doi.org/10.5281/zenodo.4297673

® Dung Beetles CTmax Database: https://doi.org/10.5281/zenodo.
6477719.

® Termites CTmax Database: https://doi.org/10.5281/zenodo.1198695.

® Leeches CTmax Database: https://doi.org/10.5281/zenodo.2536269.

@ For raw thermal images, analysis code, moth and non-coprophagic
beetle CTmax please contact the corresponding author.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Ant CTmax Zenodo https://doi.org/10.5281/zenodo.4297673
Dung Beetle CTmax Zenodo https://doi.org/10.5281/zenodo.6477719
Termite CTmax Zenodo https://doi.org/10.5281/zenodo.1198695
Leech CTmax Zenodo https://doi.org/10.5281/zenodo.2536269
Software and algorithms

R version 3.4.1 R Core Team®® https://www.r-project.org

MATLAB (v R2018b) The MathWorks, Inc.®* https://www.mathworks.com/products/matlab.html
CAN-EYE (v 6.3.8) EMMAH®* https://can-eye.paca.hub.inrae.fr

Global LAI Project Pfeifer®’ https://globallai.wordpress.com

METHOD DETAILS

Study site

All data were collected in the Stability of Altered Forest Ecosystems (SAFE) project experimental area®® and Maliau Basin Conser-
vation Area in Sabah, Malaysian Borneo. We selected six sampling blocks structurally representing humid tropical rainforests and
the disturbances they have been facing over large parts of their distribution. These fell within old-growth dipterocarp rainforest at
Maliau Basin Conservation Area (2 blocks), selectively logged forest within the Ulu Segama Forest Reserve (1 block), and salvage
logged forest within the Kalabakan Forest Reserve (3 blocks). Sampling blocks in old-growth forest had never been logged, with
an average aboveground biomass of 400 t.ha™! and average canopy cover of 80 %.°° The Ulu Segama logged forest block was
initially logged in the 1970s and then re-logged between 2000 and 2008, removing around 150 m® of timber per hectare, or
~50 % of the original aboveground biomass.®®°” Kalabakan logged blocks were also initially logged in the 1970s and then underwent
three rounds of extraction between 2000 - 2008, removing a cumulative total of up to 179 m® of timber per hectare, or roughly 75 % of
the original above ground biomass.?>®” As such, sites within logged forest covered a gradient from lightly to heavily disturbed in
comparison to regional averages.®® The elevation of sampling locations at the SAFE project is standardised, with mean elevation
of 450 m and an interquartile range of 72 m. The local climate is relatively aseasonal, with no distinct wet or dry season.®® No forest
plots at the SAFE project lie less than 50m from a forest edge, therefore there were no microclimatic edge effects to account for in our
study.”®

Microclimate

Sampling blocks were separated by a minimum of 1,780 m and within each block we established three microclimate plots, which
were separated by a minimum of 178 m. One plot within one of the old-growth forest blocks was deemed unsafe because of landslide
risk, resulting in data being collected from a total of 17 plots (5 old-growth, 3 selectively logged, 9 salvage logged). At each plot we set
up a5 x 5 m grid that was divided into 50 x 50 cm subplots. We used a thermal imaging camera (Flir E6) pointing directly downwards
over each subplot from a height of 1.2 m, resulting in 100 images per plot. We retained the factory emissivity settings of 0.95 on the
camera, which falls within the range of emissivity values of bare sandy soil (0.93) partial vegetation cover (0.96) and green vegetation
(0.98)"" that were found across all sampling plots. The camera calibration was checked by pointing the camera at two surfaces with
known temperatures: the surface of a pan of gently simmering water and a bowl of ice cubes. The camera we used provides accurate
recordings within the range of air temperatures experienced at all our sites, and the effect of relative humidity is minor at imaging
distances between camera and subject below 10 meters.”? As such, no post-hoc image correction was necessary prior to analysis.
We took all images between 11:00 and 13:00, as temperatures during the hottest part of the day are likely to have the strongest
ecological filtering effects,”"* however it is worth noting that patterns reported here may be different for nocturnal species that
do not shelter in the open during the day. Each photo was paired with an ambient temperature recording using a thermocouple
held next to the camera at 1.2 m above the ground. Thermal imaging and ambient temperature recording were repeated for each
plot on ad-hoc random days when the weather was neither raining, overcast nor completely clear from June — September 2017, lead-
ing to 17 x 3 samples (N = 51).
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Thermal images were converted into data matrices with each pixel representing a numeric temperature recording. These matrices
were cropped to the central 200 x 200 cells which matched the 50 x 50 cm subplot located in the centre of each image (Figure S1).
This returned 4,000,000 pixels per plot per day, leading to a total of 204,000,000 temperature recordings. Cropped matrices from
adjacent subplot images were joined into a single matrix covering the 5 x 5 m grid, and the spatial resolution was reduced by a factor
of 10 using a nearest neighbour interpolation in the package ‘raster’.”> Reducing spatial resolution resulted in temperature measure-
ments recorded at a resolution of 2.5 x 2.5 mm, which we considered relevant to the scale of small-bodied invertebrates.”® While the
relationship between surface temperatures and invertebrate thermal limits is likely to vary with behavioural and physiological traits,
fine scale surface temperatures are likely to be more directly linked to the temperature experienced by many tropical invertebrates
than ambient air temperatures,”* which fail to capture the highly heterogenous microscale climate conditions available to these very
small-bodied organisms.**

The resulting raster layers represent the 2D thermal landscape of 5 x 5 m of forest floor and ground layer vegetation at each plot.
This is a simplification of the highly complex 3-dimensional habitat of the rainforest floor, but nonetheless represents an ecologically
relevant space that is widely exploited by many invertebrate species, which in tropical forests are highly constrained to specific forest
strata.””""® For each 5 x 5 m sampling plot we extracted mean surface temperature, maximum surface temperature, mean ambient
temperature and maximum ambient temperature across all 100 images. Therefore the ‘mean’ temperature referred to here is the
mean of temperatures recorded during the hottest period of the day rather than the overall mean. For maximum surface temperatures

we used the mean of the top 1% of temperature measurements to protect against single pixel aberrations or extreme temperatures
erroneously inflating values.

Simulated warming

No database of predicted future soil or leaf surface temperatures currently exists.”®#° We therefore directly applied two potential
warming scenarios of +1°C (moderate warming) and +3°C (severe warming) to surface temperatures at our sites (Below figure).
Global analyses indicate that very small increases (less than 1°C) have already occurred under some tropical forest canopies,”®
and regional climate models suggest that the air temperature in Borneo is likely to increase by 3-3.5°C by 2100 under the most
extreme emissions scenarios.®’ However, the relationship between air and surface temperatures may not be linear and is likely to
depend heavily on biome characteristics.”® For example, surface temperatures in grasslands are driven mostly by direct solar radi-
ation,®” whereas in forests they are driven by a complex relationship between radiative heating of the canopy, which in turn heats
lower forest strata though convective heating of the sub-canopy air and direct conductance between touching substrates.”®* Plant
leaves are also able to regulate their temperature, which can be highly heterogenous over the leaf surface.®* The ability of plants to
control leaf temperature can however be diminished by environmental stress such as reduced water availability,”® adding further un-
certainty to how surface temperatures in a forest may change along a gradient of disturbance in the future.

Example surfaces generated from thermal

imaging and simulated warming
‘ (A) The location and scale of the SAFE project
experimental area in Sabah, Malaysian Borneo
and (B) Example composite thermal images of
surface temperatures within forest sites at 60%,
70%, 80%, and 90% canopy closure both in the
present and (C) when severe warming scenario
of +3°C had been applied.
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Canopy cover

At each plot we expanded a 20 x 20 m grid around the 5 x 5 m thermal image grid and acquired hemispherical images through a digital
camera equipped with a fisheye lens installed on a tripod at 1 m above ground looking vertically upward. Fifteen images were taken
throughout each plot to encompass the area of canopy and sky that would influence the 5 x 5 m thermal image grid (Figure S2). Fish-
eye images were processed in MATLAB (v R2018b)%* using algorithms developed by the Global LAI Project®® (https:/globallai.
wordpress.com/publications/). Canopy cover was estimated from the processed fisheye images at plot level using the freeware
CAN-EYE (v 6.3.8).%° Repeated measures of canopy openness were taken at each microclimate grid on the same days that micro-
climate values were recorded (N = 51).

Invertebrate CTmax

Live invertebrates (termites, leeches, dung beetles, ants, moths and non-coprophagic beetles) were collected from across the study
area between 2014 — 2018, encompassing the same time-period during which microclimate and canopy measurements were taken.
These taxa were chosen to represent a diversity of trophic levels and ecosystem functions. In 2016 there was a drought event in Bor-
neo related to El Nifio, during which the field station closed and therefore no thermal limit nor microclimate data were collected during
this weather anomaly. The invertebrate groups in our study occur on the surfaces of the forest floor and understory vegetation during
the day. Leeches were collected using manual searching, ants were collected from manual searching on the ground and understory
vegetation layer and by using bait-cards, dung beetles were captured in pitfall traps baited with human dung, and moths and non-
coprophagic beetles were captured using light traps. Dung beetles and leeches were identified to species,*®®® ants and termites to
genus,' %" moths to family, and non-coprophagic beetles were left unidentified. In total we included data from 5038 individual inver-
tebrates from 129 individual taxa: 2359 ants (50 genera, mean = 47 individuals per genus), 1305 termites (15 genera, mean = 87 in-
dividuals per genus), 543 dung beetles (44 species, mean = 12 individuals per species), 39 leeches (2 species, mean = 20 individuals
per species), 424 moths (17 families, mean = 26 individuals per family) and 368 non-coprophagic beetles (unknown number of
species).

Ants were collected from across all forest types; termites, moths and non-coprophagic beetles were only collected from old growth
forest sampling points; and dung-beetles and leeches were only collected from selectively logged and salvage logged forest sam-
pling points. Our previous work indicates that forest microclimate predominantly alters invertebrate community composition at these
sites via shifts in relative abundance rather than via changes in the presence and absence of taxa.'%*° The degree of thermal plasticity
within our sites is also expected to be small,*® a pattern that is generalisable throughout ectotherms globally.?® Therefore, while the
mean assemblage CTmax of species communities used here is likely to be representative across sites in the short term, it is possible
that plasticity or thermal adaptation may moderately increase the resilience of native invertebrates over longer timescales.

We measured thermal limits using a ramping procedure. Individuals were placed in vials or Falcon tubes and submerged in a water
bath (Grant TXF 200) set to 32°C. After a five-minute period to allow the air temperature in the vials to match that of the water, tem-
perature was ramped upwards. The rate of ramping was 0.2°C per minute for ants, termites, moths, and non-coprophagic beetles,
and 0.1°C per minute for leeches and dung beetles. The procedure started at 32°C as this was the common daytime temperature of
the laboratory, and the slow ramping speed ensured that the temperature experienced within vials matched the temperature of the
water, measured using a thermocouple placed within a vial during calibration runs. For all taxa, CTmax was defined as the temper-
ature at which individuals lost the ability to respond to stimulus, assuming that an inability to move represented ecological death. For
ants, beetles, termites, and moths the vial was manipulated to move the individual insect or turn it on its back. If no response of the
invertebrate was detected after manipulation, the temperature was recorded as CTmax. A similar approach was taken for leeches,
but instead of movement we monitored their ability to adhere to the inside of the vial. If the vial was turned and the leech was unable to
adhere to the internal surface the temperature was recorded as CTmax. Ramping procedures have been shown to give variable es-
timates of CTmax depending on ramping speed,®® with a 0.1°C per minute increase in ramping speed expected to increase CTmax
estimates by 0.3°C in tropical invertebrates.®® In our study leeches and dung beetles have the lowest recorded CTmax among groups
and were both ramped at 0.1°C per minute slower rates. However, increasing their CTmax by 0.3°C in line with the expected differ-
ence incurred from a faster ramping rate would still place these two groups as the most thermally sensitive, and such a change would
not affect our results or conclusions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were carried out in R version 3.4.1.°C First, we rescaled our canopy closure variable to be centred around a
mean of 0 and used linear mixed-effects regression (LMER) to test for differences in mean temperature generated from air or surface
methods. We fitted two models, one including sampling method (air or surface) and canopy closure as interacting terms, and one
without an interaction. We then compared these two models (with and without the interaction term) using likelihood-ratio tests to
test for differences in the relationship between canopy closure and temperatures measured using air or surface methods. We
included plot identity as a random effect to account for repeated measures from the same plots on different days. We repeated
the above analysis using maximum temperatures. Maximum temperatures did not conform to assumptions of normality, and so
we fitted generalized linear mixed-effects regression models (GLMER), specifying a Gamma error distribution and logarithmic link
function.
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For all models we extracted both conditional and marginal R? values to compare the relative variation explained by random and
fixed effects.”’ For LMER the R? values were calculated using the delta method, and for GLMER we used trigamma estimation.
All p values reported are from likelihood-ratio tests, and reported slopes and standard errors have been back transformed to the orig-
inal scale of canopy closure (%).

Next, we examined the relationship between the spatial coverage of surface temperatures and CTmax of invertebrate groups
across the disturbance gradient. To calculate the amount of surface area exceeding CTmax we generated kernel density estimations
across all the surface temperature recordings from each 5 x 5 m plot. We then calculated the area under the curve (AUC) of the
smoothed kernel plot corresponding to the temperatures exceeding the mean CTmax for each group. We repeated this step using
current surface temperatures and those predicted using future climate change scenarios. As such, one value was generated for each
invertebrate taxon per 5 x 5m sampling plot, which can be interpreted as the percentage total surface area exceeding CTmax within
each 5 x 5m plot. Using these values as our response variable, we then fitted generalised additive mixed models (GAMM) to examine
the relationship between canopy closure and the amount of surface area exceeding CTmax, with plot identity included as a random
effect. Three GAMMSs were fitted for each invertebrate group, representing the time periods 2015, 2021-2040, 2061-80. To interpret
these models, we calculated and compared first derivatives of the splines using the package derivatives.R,%” estimating the 95%
confidence interval around 200 segments of the predicted line. If the confidence interval at a given point overlapped with 0, that point
on the line was considered non-significant; conversely if it did not overlap with 0 it was considered significant. Segments of the pre-
dicted lines that were significant therefore define the threshold of canopy cover beyond which temperatures were significantly likely
to exceed CTmax for each invertebrate group over more than 1 % of the recorded surface area.
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