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ARTICLE INFO ABSTRACT

The combined effects of changes in climate and land cover expose millions of people to an increased likelihood of
heat illness. Impacts of heat stress on health have primarily been quantified for urban environments, particularly
in developed countries. Far less is known in other settings, including the effects of ongoing tropical deforestation
on local temperature and its consequences for people living in these rapidly changing landscapes. Here, we
explore links between deforestation and self-reported human health and well-being in the tropical landscapes of
Borneo. We use extensive social surveys from nearly 500 villages throughout Kalimantan (Indonesian Borneo)
that asked whether forests were important for health, and why. The most frequent answer viewed forests as
important for maintaining cool local temperatures (volunteered by 28% of 4634 respondents). Using boosted
regression tree analysis incorporating spatial metrics of deforestation and temperature, we found that villagers
were more likely to report this cooling effect if they were from villages with higher or more variable tem-
peratures, and in recently deforested or fragmented landscapes. Our results highlight the role of forests in
regulating the local climate. This ecosystem service is highly threatened, and yet increasingly vital for avoiding
heat illness and enabling adaptation to global climate change.
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1. Introduction

Much has been written about how climate and environmental
change are linked to extreme heat events, but these events represent
just one pathway by which people can experience or be at risk of heat
illness. An important yet underexplored area is how such changes op-
erate at local scales and how they affect incidence and risk of heat ill-
ness via less extreme events. For instance, rural communities may be
exposed to higher temperatures due to deforestation. Forests can re-
main much cooler than deforested landscapes due to shade and the role
of evaporation and transpiration in reducing sensible heat (Bright et al.,
2017; Ellison et al., 2017). Loss of shade alone can increase the heat
index, the temperature one feels when air temperature and humidity
are combined, by over 9 °C (NOAA, 2017). While these impacts may fall
below the threshold of an extreme heat event, small increases in heat
index may lead to subtle, indirect effects on health and well-being. For
example, people will self-manage the amount of time they are exposed
to heat, known as autonomous adaptation, such that the largest
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negative impacts may be economic costs associated with decreased
productivity (Malik et al., 2010). Productivity loss may also occur from
both cognitive and physical impairment, as heat exposure has been
found to decrease working memory and executive function (McMorris
et al., 2006), increase error in tasks (Froom et al., 1993), and increase
fatigue (Gaoua et al., 2011). Temperature increases often also affect
crop yields directly (Schlenker and Lobell, 2010; Schlenker and
Roberts, 2009), with consequences for food security and human health.
Despite the significant potential impacts of increasing temperatures
from deforestation and climate change, we know very little about
whether communities in and around forests are losing critical cooling
services from forests, and whether they believe their health and well-
being is being impacted by these changes.

To date, most research on climate change and the impact of in-
creasing temperatures on communities has focused on the effects of
extreme heat events on vulnerable populations. This body of work has
found extreme heat events impact virtually every country in the world,
with recent increases in frequency, severity and duration due to
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anthropogenic forcing (Hansen et al., 2012; Mora et al., 2017; Zwiers
et al., 2010). Since the 1960s the annual global land area impacted by
extreme hot summers has increased by nearly two orders of magnitude,
from ~0.1% to 10% (Hansen et al., 2012). It is well established that
these climate temperature signals are exacerbated by urbanization,
agricultural expansion and deforestation (Kalnay and Cai, 2003), and
tree planting has become an important strategy for mitigating heat is-
land effects in many of the world’s cities and towns (Bowler et al., 2010;
Luber and McGeehin, 2008). While the effects of extreme heat events
are global, studies quantifying their human consequences have focused
on developed, higher-latitude countries primarily due to health data
availability (Kjellstrom et al., 2009a; Zivin and Shrader, 2016). These
results highlight the significance of heat illness, for example, in the US
and Australia, where extreme heat events are now responsible for more
deaths annually than all other natural hazards combined (Coates et al.,
2014; Luber and McGeehin, 2008). The human impacts in less devel-
oped, low-latitude, countries may be much greater (Kjellstrom et al.,
2009a), and projections suggest this discrepancy will grow even more
severe (Mueller et al., 2016). Low-latitude regions are projected to
experience more frequent heat extremes, and sooner, than mid-to-high
latitude regions due to latitudinal differences in natural temperature
variability (Harrington et al., 2016) and because current climatic con-
ditions in many low-latitude regions already approach human ther-
moregulatory thresholds (Mora et al., 2017). This difference in ex-
posure to extreme heat events between wealthy and poor regions will
likely be amplified by differences in adaptive capacity (e.g. diversity of
employment options, access to electricity and social services) and sen-
sitivity (e.g. compromised health due to exposure to disease), possibly
resulting in an even larger disparity in vulnerability (St. Louis and Hess,
2008; Whitmee et al., 2015) than differences in exposure alone would
predict.

The effects of increasing temperatures are not limited to human
health. Recent estimates suggest increased heat-related illness over the
last few decades has already reduced current global labor capacity to
90%, with projected declines to 80% by 2050 (Dunne et al., 2013).
These projected impacts are spatially variable (Heal and Park, 2016),
with hot and humid low-latitude locations predicted to reach tem-
perature thresholds that severely affect labor capacity decades earlier
than higher latitudes. Some climate change research suggests the
alarming possibility that lower latitude areas may eventually become
functionally uninhabitable due to physiological limits of human
adaptability to projected heat stress (Mora et al., 2017; Sherwood and
Huber, 2010). Over shorter time frames, hot and humid locations such
as Southeast Asia, Central America and the Caribbean could see labor
capacity reduced by 11-27% due to climate change-driven increases in
heat stress (Kjellstrom et al., 2009b).

The existing body of work on extreme heat events that focuses
mainly on wealthier, higher-latitude countries underscores the diffi-
culty of studying the more nuanced effects of slowly increasing ambient
temperatures on human health and well-being in low-latitude, eco-
nomically developing countries. These countries tend to be data poor
where reliable, continuous data on human health and well-being, local
temperatures, and environmental change are scarce (Kjellstrom et al.,
2009b). This is especially the case in rural settings where the effects of
environmental change may be most acute. Even in wealthier countries,
studies have rarely linked how local environmental change, such as
deforestation, affect healthy, working populations who are likely the
first to experience impacts of these changes. Instead, studies have lar-
gely focused on the health impacts on vulnerable populations, or have
simulated or inferred impacts of increasing temperatures of healthy
populations by examining outcomes such as labor supply and pro-
ductivity (Hanna et al., 2011; Zander et al., 2015; Zivin and Neidell,
2014) at national or firm-level (Dell et al., 2014; Heal and Park, 2016).
In frontier areas where environmental change is driven by land use
pressures (e.g. deforestation or population growth), there is little un-
derstanding of how the loss of ecosystem services provided by local
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environments (e.g. cooling services provided by forests (Ellison et al.,
2017)) may exacerbate the effects of climate change driven warming
and its associated impacts. We fill a critical gap in the literature on
environmental change and heat illness risk in a low-latitude country by
analyzing data on perceived effects of deforestation on the local
thermal environments and its effects on human health and well-being
from 500 villages in Kalimantan, Indonesia.

Perception data provide a valid measure for evaluating effects of
changes in thermal environments driven by environmental change on
human health for several reasons. First, research has demonstrated that
perceptions correspond with patterns of observed temperature change
from objective measurements (Howe et al., 2013). In regions with a
paucity of objective data (e.g. from weather stations), perceptions can
provide fine-grained information on local temperature change not
otherwise available (Reyes-Garcia et al., 2016). Critically, perceptions
often go beyond changes in climate, offering nuanced insight into how
these changes impact physical, biological and socioeconomic systems
(Hartter et al., 2012; Petheram et al., 2010; Reyes-Garcia et al., 2016;
Sénchez-Cortés and Chavero, 2011). Therefore, perception data have a
rich history of being used to evaluate risks and changes in human well-
being, the environment, and other topics (Bennett, 2016; Jabeen and
Johnson, 2013; Meijaard et al., 2013; Renn and Graham, 2005). Per-
ception data also play a critical role in evaluating thermal comfort and
environmental conditions and their associated risks on occupational
health. Thus, perception data are recognized by the International Or-
ganization for Standardization (ISO) which helps set international vo-
luntary standards on occupational health parameters. Indeed, ISO 7730
sets standards around measuring and evaluating thermal comfort, and
ISO 10551 discusses the validity of subjective judgements of thermal
environments. An important first step for evaluating risk of heat illness
driven by local environmental change is to measure perceived changes
and risks (Balakrishnan et al., 2010; Jabeen and Johnson, 2013).

Quantitative evidence of health impacts from non-extreme heat
events is still sparse. However, recent interview surveys in Kalimantan
revealed widespread perceptions that temperature regulation by forests
is important for human health (Meijaard et al., 2013). Here, we build on
this analysis by examining the relationship of these responses with
temperature and land-use patterns, as well as rates of deforestation. Our
aim is to determine whether local environmental and landscape char-
acteristics drive perceptions of temperature regulation services from
intact forests. We believe quantifying relationships between environ-
mental change and perceived risk is important for understanding the
level of heat illness risk a community faces, and the drivers of work
patterns, heat exposure, and other adaptation strategies. Borneo is at
the epicenter of global deforestation and a region particularly vulner-
able to climate change impacts (Struebig et al., 2015; Verbesselt et al.,
2016). Our expansive dataset on local perceptions of ecosystem services
provides a unique opportunity to explore the intersection of environ-
mental change and human well-being and health. We place these results
in the context of projected warming trends for Borneo, highlighting the
potential of healthy forests for mitigating heat illness.

2. Methods

This study was motivated by the results of Abram et al. (2014)
which presented a descriptive analysis of land use change and eco-
system services among forest communities throughout Borneo. Speci-
fically, we were intrigued by the authors’ finding that 35% of surveyed
villagers responded that cooling services were an important health
provision of forests and that these perceptions were generally related to
land-use change (e.g. deforestation). A logical next step was to unpack
the deforestation-related drivers of these perceptions in more detail, as
a growing body of work points to cooling services provided by forests
(Ellison et al., 2017; McAlpine et al., 2018; Scott et al., 2018). Yet little
is known about how land use change - specifically, deforestation — af-
fects people through increasing local temperatures, and whether and
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how soon local populations are affected by the loss of cooling services
provided by forests. Indeed, recent research highlights how people are
more resilient to heat than assumed in many projections (Hondula
et al., 2015), and various factors such as regular work environments can
affect acclimatization to hotter environments (Chow et al., 2016;
Nikolopoulou and Steemers, 2003), indicating temporal, land use
change, and local climate factors can play a role in whether local po-
pulations recognize cooling services provided by forests. Accordingly,
village surveys and three spatially explicit environmental datasets were
used to explore the drivers of perceptions of the role of forests in
temperature regulation across our Borneo study area. We test three
hypotheses on the possible relationships between the local environment
and villager temperature perceptions:

H1. Local climate. People living in villages with hotter air temperature
are more likely to mention temperature regulation by forests as
important for their health.

H2. Landscape fragmentation. People in villages that frequently
experience different environments (e.g. relative extent of intact forest
versus extent of cleared forest) are more likely to mention temperature
differences.

H3. Temporal change. People in villages that experienced recent forest
loss are more likely to recall the temperature effects of that loss, based
on the theory of availability bias (Tversky and Kahneman, 1991).
Similarly, people who experienced recent high temperature anomalies
are more likely to recall temperature effects.

The local climate hypothesis (H1) was motivated by the recognition
that thermal thresholds influence human comfort and physiological
response (Djongyang et al., 2010) and the logical conclusion that
crossing these thresholds likely affects temperature perceptions. The
landscape fragmentation hypothesis (H2) was motivated by recognition
that high rates of deforestation in Borneo (Gaveau et al., 2016) are
leading to increasing fragmentation of forest (Gaveau et al., 2014), and
that these changes are affecting spatial variability of local temperature
(McAlpine et al., 2018). Finally, the temporal change hypothesis (H3)
was motivated by recognition that people living in areas with rising
average temperatures are particularly sensitive to recent temperature
change (Howe et al., 2013) and that this sensitivity may fade with time
(Tversky and Kahneman, 1991).

2.1. Village surveys

Village surveys provide our primary dependent variable on per-
ceptions of environmental protection from heat. The surveys were
conducted between April 2008 and September 2009 throughout
Kalimantan, Indonesia. Details of village selection criteria and survey
design are described elsewhere (Meijaard et al., 2011a,b). The primary
goal of the surveys was to gather information on human-orangutan
interaction. Thus, villages were selected within the geographic and
elevational (< 500 m) range of the Bornean Orangutan, and were near
or within forests in 2008, making these villages strong candidates to
identify how changes in forest cover affect everyday life. Survey vil-
lages are shown in Fig. 1. Surveys were conducted in Indonesian and
responses translated to English.

The original survey collected data from 687 villages and aimed for
7-12 questionnaires per village (Meijaard et al., 2011b). We selected
data based on a previous quality assessment (Wells et al., 2016), and
then excluded villages that had fewer than seven responses to our focal,
open-ended question about the importance of forests for health. This
resulted in 477 villages and 4634 responses. Within each village, the
survey team first asked the head of the village for someone who may
know about local wildlife, and then identified the remaining survey
participants via snowball sampling (Goodman, 1961). Following the
question, “How important are forests for your and your family’s
health?”, an open-ended question asked, “What is the reason for this
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importance of the forest for health?” Interviewers were instructed not
to prompt or provide examples to respondents, so we view these re-
sponses as independent across interviews. Open-ended responses were
first evaluated on the completeness and quality of responses by a native
Indonesian speaker (Meijaard et al., 2013) (see Supplemental information
(SD) for further details). Our analytic strategy did not involve identi-
fying specific high-level themes from open-ended responses (Saldana,
2016). Instead, our approach was to quantify the incidence of un-
prompted cooling services (not the typology of cooling services) from
our sample population, thus providing a quantitative measure re-
presenting the prominence of forest cooling services for villagers. To do
so, we recorded an indicator variable for each respondent if the open-
ended response included any incidence of direct temperature regula-
tion. Phrases, or language, about cooling services of forests in open-
ended responses include responses such as, “reduces heat from direct
sunlight”, “shelter from heat of the sun” and “making the air not hot”
(for a list of example phrases identifying cooling services see SI, Table
S3). Dichotomizing whether a respondent mentioned temperature reg-
ulation services ensures we do not overvalue verbose responses. We
then pooled responses at the village-level by calculating the percentage
of respondents per village who mentioned temperature regulation ser-
vices (SI, Fig. S2 presents a histogram). Aggregating responses at the
village-level allows us to capture the diversity of perceptions on forest
services in a village and its surrounding area. Further, this allows us to
have a comparable metric across villages.

We recognize economic and demographic characteristics of the
surveyed villagers likely contributes to variability of responses. For
instance, richer villagers may build two-story brick houses that remain
cooler than corrugated-iron roofed single-floor houses. However,
survey participant selection purposefully targeted the subpopulation
that was most acutely aware of forest cover and ecosystem service
changes in their villages, making them ideal candidates for the hy-
potheses we investigate in this study. In the example above, richer
villagers would likely be traders who spend little time in forest or in
forest gardens, and they would most likely not have been interviewed
because they know little about local wildlife. Thus, our respondents are
arguably the subpopulation that is most affected by environmental
changes, and, we investigated environmental and landscape drivers as
potential drivers of variation in perceptions.

2.2. Landscape and environmental drivers of temperature perceptions

We used three datasets to explore potential spatial and temporal
drivers of village-level temperature perceptions to test our three hy-
potheses. We used land surface temperature (LST) to test the im-
portance of local climate (H1) and temporal change (H3); land use and
land cover (LULC) to test the importance of landscape fragmentation
(H2); and forest loss and canopy cover (FLCC) to test the importance of
temporal change (H3). For each dataset, we extracted a suite of pre-
dictor variables using a 10 km buffer surrounding each village center.
Prior work indicated 10km is an appropriate scale for capturing
Bornean villagers’ perceptions of their surrounding landscape (Meijaard
et al., 2013). In total, we calculated 36 separate predictor variables
from the three datasets (SI, Table S5). An overview of the datasets and
the corresponding variables used in the analysis is described below.

To explore the effect of local climate on perceptions (H1), we re-
trieved monthly LST data from MODIS (daytime L3 0.05deg CMG
V005) from https://Ipdaac.usgs.gov on May 25, 2016 (Wan et al.,
2015), a product that has been extensively validated against in-situ
measurements (Coll et al., 2009; Wan, 2008; Wan and Li, 2008). We
calculated six variables for each village, including LST mean, max-
imum, variability and anomaly frequency and magnitude for
2000-2009. To explore whether recent temperature change was an
important driver (H3), we also calculated prior year temperature
maximum and anomaly.

To explore the role of current landscape characteristics on
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A. Mean land surface temperature (LST)
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B. Forest loss and canopy cover (FLCC)

C. Land use and land cover (LULC)
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Fig. 1. Locations of the 477 focal villages within Kalimantan, Borneo. Also shown are representative predictor variables derived from each of the three data sources.

temperature perceptions (H2), we extracted the proportional cover of
20 different LULC types in a 10 km radius of each village from a re-
cently developed LULC map for Borneo representing conditions during
2009-2010 (Wells et al., 2016), approximately 1 year after the surveys.
Full details of the data used to create the 2010 LULC Borneo map are
explained in the Supplemental Methods of Wells et al. (2016). Briefly,
LULC classification was predominantly based on a 2010 LULC classifi-
cation (50m resolution) developed by SarVision from 2010 ALOS
PALSAR satellite imagery, using methods refined and validated by
Hoekman et al. (2010). Individual variables captured the extent of the
different intact forest types (padang, peat and dipterocarp forest), as
well as the extent of timber and oil palm plantations, industries that
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drive much of Borneo’s deforestation and fragmentation (Gaveau et al.,
2016). In addition, we also estimated two aggregate LULC variables,
giving the proportion of intact forest (of any kind) and industrial forest
(includes industrial timber, oil palm plantations and agro forest). To
explicitly examine landscape fragmentation, we calculated Simpson’s
evenness index (E) per village from the 20 LULC types. In total, 23 LULC
variables were extracted.

To explore the effect of the rate of landscape change on temperature
perceptions (H3), we extracted four FLCC variables from high resolu-
tion (30 m) Landsat-derived estimates of forest loss and forest canopy
cover change (Hansen et al., 2013). Accuracy assessments for Hansen
et al. (2013) are provided in the associated supplementary materials
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Table 1

Performance of Boosted Regression Tree models. Models were developed with
five-fold cross-validation, learning rate of 0.005, tree complexity of 5 and using
variables summarized in Table S5 (Base model) or Table 2 (Simplified model).
For each model, performance with the training data is assessed via the corre-
lation between observed and predicted values (training correlation, Pearson’s
r), and via the percentage of total variance accounted for by the model (%
reduction in deviance). Cross-validation performance is assessed by the corre-
lation across folds (CV correlation).

Base model Simplified model
No. villages 477 477
No. trees 1950 2200
No. predictors 35 6
Model performance
training correlation 0.87 0.80
% total variance 69 60
CV correlation 0.43 0.43

and in Margono et al. (2014) for Indonesia and Griscom et al. (2016) for
Kalimantan. Variables included absolute (km?) and relative (propor-
tion) loss of high canopy cover forest (> = 85% canopy cover) from
2000 to 2009 and over a more recent time frame (2005-2009). In ad-
dition to these four ‘rate of loss’ variables, we extracted three variables
that captured canopy cover, based on criteria described in the supple-
mentary materials of Hansen et al. (2013), during the 2009 surveys:
proportion of each village with no forest (0% cover or treeless); sparse
to medium cover forest (1-84%); and high cover forest (> = 85%).
These variables were included to augment the LULC variables and
provided an alternative means for exploring the role of fragmentation
(H2) in driving temperature perceptions. Importantly, canopy cover,
unlike the LULC variables, captured the actual status of forest cover at
the time of the surveys and doesn’t necessarily distinguish between the
types of trees providing the cover (e.g. secondary, primary or planta-
tion).

We determined whether each of our three hypotheses was supported
by the data, by examining features of the relationships between pre-
dictor variables and the response (SI, Fig. S4).

2.3. Empirical strategy

Our analyses aimed to assess support for our hypotheses regarding
relationships between the local environment and villager perceptions of
temperature regulation, by estimating the predictive contributions of
each environmental variable, along with functional forms of their re-
lationships with the village-level responses (% of respondents). We use
Boosted Regression Tree (BRT) analysis as a robust method ideally
suited to exploration of these potentially complex relationships. BRT
generates an ensemble model from many regression trees (thousands),
providing a robust method for quantifying relationships, predictor
contributions and interactions. It has the advantage of handling non-
linear relationships and predictor correlations (Elith et al., 2008). BRT
models were developed and evaluated using five-fold cross validation
with the gbm (gradient boosting) functions from the ‘dismo’ package
(Hijmans et al., 2016) in the R statistical environment (Elith et al.,
2008; R Core Team, 2016). In all cases, our response is the % of vil-
lagers in each village who perceived temperature regulation by forests
as important, and the predictors are the 36 variables relating to climate
and landscape context, above. During fitting, predictive performance
was assessed using 5-fold cross-validation (progressively testing the
developing model’s predictions against withheld data). Finally, model
performance was assessed using the correlation between predicted and
observed responses, and the total variance accounted by the model (the
predictive deviance as a percentage of the null deviance). For full de-
tails of analyses, see SI.
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3. Results
3.1. Villagers perceptions of forests role in temperature regulation

Of the 4,634 villagers from 477 villages who answered the open-
ended question, the most frequent answer (expressed independently by
28% of respondents) was that forests kept the environment cool (SI,
Table S1). See SI, Tables S1-S3, and prior publications (Abram et al.,
2014; Meijaard et al., 2013; Wells et al., 2016) for evaluations of other
reported health benefits of forests.

Looking at aggregated village-level responses, over 86% of the vil-
lages (n = 411) had at least one villager note the importance of tem-
perature regulation services, and in over 31% of the villages at least 4
villagers (~40% of respondents) noted the importance of this eco-
system service. In 20 villages, 70% or more of respondents mentioned
the role of forests in maintaining cool temperatures (SI, Fig. S1). Since
the responses were unprompted (reasons were volunteered in-
dependently by each respondent), this gives strong evidence for the
widespread perception of forests as important for temperature regula-
tion. Other respondents may or may not have agreed with this per-
ception - i.e. they may hold this view, but did not mention it in their
open responses (implying either lower importance, or simply a focus on
other reasons).

3.2. Relationships between temperature perceptions and landscape variables

Study villages are distributed throughout Kalimantan, with higher
numbers in the south and southwest regions. Villages encompassed a
wide range of climate and forest conditions (Fig. 1; SI, Table S6. For
example, mean annual temperature ranged from 22.5 °C in the cooler
highlands to 27.2°C in the warmer lowlands, and the proportion of
village landscapes covered by intact forest varied substantially, ranging
from 1 to 97%. Histograms for key predictor variables are shown in the
supplemental information (SI, Fig. S3).

BRT models performed very well in explaining variation in re-
spondents’ temperature perceptions among villages (87% correlation
coefficient, 69% of total variance accounted by the model, Table 1).
Nearly all the predictors (35/36) were retained in the final BRT model
which gave the strongest predictive performance. However, 23 pre-
dictors individually contributed < 3% to the model’s explained var-
iance (SI, Table S5, Fig. S6).

The six predictors in the simplified model consisted of two variables
from each of the three data classes, LST, LULC and FLCC (Table 2). The
six variables each had similar contributions to the model’s explained
variance, ranging from 18.5% of explained variance attributed to the
proportion of village area with logged forest, to 14.4% attributed to
mean air temperature (Table 2). Together, the 2 LULC variables (pro-
portion of each village landscape classified as logged forest or industrial
forest, respectively) accounted for 35.7% of the model’s explained
variance (21% of total dataset variance), and the 2 FLCC variables (the
proportion of villages with open (treeless) or sparse-to-medium canopy
cover) accounted for 33.4% of the explained variance. Therefore, 69%
of the variance explained by the model (or 41% of total dataset var-
iance) related to metrics of forest conversion or degradation. Finally,
the 2 LST variables (the mean and standard deviation of 2000-2009
mean air temperature) accounted for 30.9% of the explained variance.
These results give support to the local climate (H1) and landscape
fragmentation (H2) hypotheses. The simplified model did not include
the variables most directly related to the temporal change (H3) hy-
pothesis (i.e. more recent loss of high canopy cover, and recent tem-
perature extremes). However, examination of individual relationships
between the response and predictors indicate some support for all three
hypotheses.

Relationships between temperature perceptions and either forest
condition or land use are much more complex than the relationships
between temperature perceptions and objective temperature measures
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Table 2

The six predictor variables in the simplified model, and their relative influence.
Also shown is the hypothesis each variable was intended to test: local climate
(H1), landscape fragmentation (H2) and temporal change (H3). The full set of
variables is given in SI, Table S5. ‘Village Proportion’ refers to the proportion of
the land area within a 10 km radius of the village.

Variable Units Hypothesis  Explained
variance (%)

LST (Land surface temperature)

Standard deviation of annual °C H1 16.5
maximum (2000-2009)

Mean of annual maximum °C H1 14.4
(2000-2009)

FLCC (Forest loss and canopy cover)

Open (0%) canopy cover Village H2, H3 17.6
(2009) proportion

Sparse — medium (1-84%) Village H2, H3 15.9
canopy cover (2009) proportion

LULC (Land use and land cover)

Logged forest Village H2, H3 185

proportion

Industrial forest group (oil Village H2, H3 17.2

palm, industrial timber, proportion

agro forest)

(Fig. 2). Nonetheless, the shapes of these relationships offered some
support for our three hypotheses (SI, Fig. S4).

Local climate and landscape drivers also interacted in their influ-
ences on villagers’ perceptions of temperature regulation by forests.
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Mean air temperature and temperature variability both demonstrated
strong interactions with canopy cover variables (Fig. 3). Thus, villages
with higher air temperatures showed a steeper relationship between
temperature perceptions (% of respondents) and the proportion of
sparse-to-medium canopy cover (Fig. 3A). Villages with higher air
temperature variability showed a more marked response to the pro-
portion of open canopy cover (Fig. 3B). This indicates that people in
villages with higher or more variable air temperatures are more likely
to perceive temperature effects of forests, than would be expected from
the additive effects of temperature and canopy cover.

4. Discussion

Perceptions that forests are important for human health because of
their regulation of temperatures are frequent and widespread in
Kalimantan. It is both compelling and troubling that almost a third of
4634 villagers from 477 villages independently expressed the view that
forests were important for regulating temperature (maintaining cool
temperatures or preventing extremes), and those who live in hotter or
more fragmented or degraded landscapes appear more likely to re-
cognize forest benefits. Our concern is that these perceptions accurately
reflect the impact of recent and dramatic deforestation, and other
landscape changes, occurring across Borneo. The results presented here
may be indicative of widespread, underlying heat-related health issues
that could balloon into a serious public health threat as global tem-
peratures rise and forest clearing continues in the coming decades.

The results support each of our three original hypotheses on how
local environments influence perception of temperature regulation by
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Fig. 2. Fitted relationships from the simplified BRT model for each of the six climate and landscape predictor variables (x axis) and the temperature perception
response variable (y axis). Plots are sorted by contribution of each predictor (%) to the model’s explained variance. X axis units for landscape variables give the
proportion of village area (within a 10 km radius), and for temperature variables, give the standard deviation and mean of the local air temperature (°C). Y axis shows
the magnitude of change in the predicted value, relative to the mean prediction (zero) when controlling for the mean effect of all other variables in the model.
Variables are explained in Table 2. Note that the fitted function integrates information from all regression trees in the ensemble. We have shown the fitted functions
without smoothing, so that their fine-scale irregularities illustrate their stochastic variation, rather than implying extreme precision. (Fitted functions are highly
robust across bootstrapped samples, reflecting the strengths of the method’s stochastic gradient boosting and cross-validation). See Table 2 for model performance

metrics.
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Fig. 3. Three-dimensional plot of pairwise interactions between temperature
and landscape variables from simplified model. The Y axis (Fitted value) shows
the predicted response (% of villagers who stated that forests are important for
temperature regulation). A) Mean air temperature and proportion of village
area with sparse to medium tree canopy cover; B) Air temperature variability
and proportion of village area with open canopy cover.

forests (local temperature, landscape fragmentation, and temporal
change). Responses were most clearly related to local temperature, with
the highest percentage of responses in those villages that experience the
highest and most variable temperatures. Further, temperature inter-
acted with canopy cover variables such that perceptions of temperature
regulation were greatest where higher or more variable temperatures
combined with fragmented (higher proportion of sparse-to-medium
cover) or open canopy forests. These interactions make intuitive sense,
implying that villagers in relatively hotter locations are more likely to
notice the cooling effects of high canopy cover forests, particularly
when the landscape is fragmented. It is well established that trees and
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forests in tropical environments can cool the local and regional en-
vironment (Bonan, 2008; Bright et al., 2017): shade reduces solar ra-
diation on the ground, and individual trees can also transpire hundreds
of liters of water a day representing a cooling power equivalent to two
average household central air-conditioning units per day (Ellison et al.,
2017). Interestingly, evidence of cooling from temperate and boreal
forests is less clear than for tropical forests due to the more complicated
role of albedo in these higher latitude landscapes (Bonan, 2008, 2016;
Kirschbaum et al., 2011; Zeng et al., 2017).

Results suggest perceptions of temperature impacts were highest in
villages with low levels of converted, logged and open to medium ca-
nopy cover forests. This is consistent with the theory of availability bias
(Tversky and Kahneman, 1991) which essentially posits that people can
more readily recall the effect of a recent loss or change. In other words,
villagers may be particularly sensitive to the temperature effect of
forests during the early stages of degradation, when the canopy first
starts to open (and thus more solar radiation and heat reaches the
ground) and they can still easily remember how much cooler it was in
intact forests.

The possibility of an availability bias affecting perceptions of tem-
perature regulation by forest has serious implications. This human
perception bias is analogous to the well documented and widespread
shifting baseline syndrome (Pauly, 1995) which hinders stakeholder
awareness of dwindling natural resources and thus, engagement with
conservation solutions to this depletion (Clavero, 2014; Papworth et al.,
2009). The danger for Borneo and other tropical forest regions is that as
deforestation expands and awareness of its effects fade (Pellier et al.,
2014), its contribution to heat stress and heat illness may be under-
appreciated until these consequences are already extreme. We re-
cognize, however, the evidence supporting an availability bias is in-
dicative, and further research is needed, particularly studies that
document perception changes of a cohort through time.

More certain is our overall evidence that rural communities in
Kalimantan associate the loss of forest cover with hotter temperatures.
We think this is significant and indicative of an increasing risk of heat
illness for those working in and around forests. The perception of a
connection between forests and temperature regulation is a form of
traditional or local knowledge. It is widely recognized that traditional
knowledge holds detailed information on current and past environ-
ments and the dynamics that shape it (Agrawal, 1995; Barthel et al.,
2010; Houde, 2007; Reyes-Garcia et al., 2016). Improving environ-
mental management by combining insights from traditional knowledge
and western science is a priority for many governments, non-govern-
ment organizations, and indigenous and local peoples (ICSU, 2002;
Mistry and Berardi, 2016). Our study links local knowledge with bio-
physical models in order to test hypotheses about how environmental
changes drives perceptions. This approach allowed us to utilize an
important data set linked intimately to lived experience and traditional
knowledge, and place these very local observations in the context of
larger trends across the tropics. Significantly, the temperature effects
we identify (along with associated health and socioeconomic risks), are
likely to apply broadly wherever tropical rural communities and de-
forestation intersect — virtually all global tropical rainforest ecosystems
including Southeast Asia, Equatorial Africa and the Amazon (Hansen
et al., 2013). High rates of deforestation in many regions (Hansen et al.,
2013) combined with increasing likelihood of at least 1.5 °C of warming
in the coming decades (Walsh et al., 2017), underscore potential heat-
related health risks throughout the tropics. The social consequences for
some of the world’s poorest, most vulnerable communities could be
significant, driven by both direct health effects of heat illness (Whitmee
et al., 2015), and through indirect disruption of economic opportunity
(Malik et al., 2010).

To date, the role of forests in ameliorating local temperatures has
been poorly understood in rural tropical landscapes (Bowler et al.,
2010). A recent analysis comparing nine large watersheds across
Borneo found watersheds with more intact forests had cooler, more
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stable temperatures (McAlpine et al., 2018). One of the few studies
documenting this cooling effect at local scales found that primary and
secondary forests in Sumatra were > 4 °C cooler than nearby young oil
palm plantations (Ramdani et al., 2014). To put this in perspective, it
suggests the conversion of forest to more open landscapes (possibly
over a single season), has the same temperature effect as nearly a
century of warming under high emissions scenarios (Rogelj et al.,
2012). Clearly, the potential role for tropical forests in helping rural
communities adapt to climate change needs further investigation
(Ellison et al., 2017; Pramova et al., 2012).

Finally, our results point towards an opportunity to strengthen the
case for forest conservation. To date, arguments for conserving tropical
forests based on urgent biodiversity threats or mitigation of carbon
emissions have failed to halt deforestation trends; the economic forces
driving deforestation are more powerful than the perceived risks, con-
sequences and costs of these actions (e.g. degraded habitats, future
climate change) (Whitmee et al., 2015). Indeed, this disconnect be-
tween economic gains today versus costs tomorrow (or falling on other
parts of society), has been nearly impossible to bridge. Yet, the con-
nection between forest health and human health offers an additional,
perhaps more locally resonant and more immediately relevant argu-
ment for avoiding forest loss. Thorough quantification of the tempera-
ture effects of deforestation on human health, and the subsequent social
and public health costs of heat related illness will add significantly to
the carbon, biodiversity and other ecosystem service costs that are al-
ready considered, to some extent, in policies around forest conversion.
We see the potential that broad realization of the magnitude of local
temperature impacts could shift cost-benefit assessments in favor of
retaining more intact forests. It is also possible, that some temperature
related impacts could be minimized through careful spatial planning of
future forest clearing. Reforestation may enable reversal of local heat
impacts associated with the loss of forests, but the extent of possible
reversal is unclear. We therefore highlight the need to investigate links
between landscape reforestation approaches and temperature ameli-
oration, in light of the potential pan-tropical scale of deforestation and
heat related health impacts, and the substantial global commitments
made to reforestation, particularly linked to climate change mitigation.
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