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Abstract

Climate change is a threat to global biodiversity, with
changes to mean temperatures and increasing frequency
and intensity of extreme weather events. Heatwaves in
particular pose a threat to species’ persistence, as tem-
peratures may rise above physiological tolerance. Howev-
er, individuals rarely experience temperatures measured
at the macroclimatic scale: topographic or vegetation
differences result in microclimates that provide cool re-
fugia (local temperatures below ambient) or even result
in heat traps (local temperatures above ambient) during
heatwaves. However, little is known about the stability of
microclimates through a period of regional warming. In
this study, we recorded microclimate temperatures across
different microhabitats within a calcareous grassland na-
ture reserve in Bedfordshire, UK, in 2018, 2019 and 2022.
During this time, six heatwave events occurred, including
the highest air temperatures ever recorded in the UK. We
found that the ability of microhabitats to offset air tem-
peratures varied with topographic aspect, slope, amount
of bare ground, shelter, vegetation height, and vegetation
type, with encroaching scrub and north-facing slopes
showing the strongest abilities to maintain relatively sta-
ble microclimate temperatures with increasing air tem-
peratures, in contrast to short vegetation on south-facing
slopes which became heat traps. However, no combina-
tions of environmental structures consistently maintained
cool refugia during heatwaves. Microclimate tempera-
tures were amplified close to the ground, whereas at 50
cm height temperatures were more stable and similar to
the macroclimate temperature, therefore surface-dwell-
ing species, such as many insects, may be particularly
vulnerable to extreme heat. We identified a breakdown in

the ability of microhabitats to maintain cool refugia above
7 °C, implying cool refugia become increasing rare and
unpredictable with increasing temperatures. Our results
indicate that many microhabitats will amplify the effects
of climate change rather than mitigate them.

Highlights

+ The innate unpredictability and scarcity of extreme
temperature events makes them an evolutionary
challenge; instead, microclimatic refugia are of-
ten suggested as a way for species to cope under
climate change.

+ By comparing microclimate temperatures to mac-
roclimate temperatures (from a nearby weather
station) in central England, we highlight how vari-
able local temperatures can be at fine scales rel-
evant to small surface-dwelling organisms, with
microclimate temperatures differing by as much
as 20 °C.

+ Microclimate performance changed with increasing
temperature, with more heat traps (microclimate
temperatures above ambient) and fewer cool refugia
(microclimate temperatures below ambient).

+ No environmental variables tested reliably main-
tained cool refugia at high temperatures.

+ Ground-level microclimate temperatures were
amplified compared to temperatures at 50 cm
height, implying that surface-dwelling organisms
in grasslands, including many insects, may be par-
ticularly vulnerable compared to species that fly,
climb, or live in tall vegetation.
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Introduction

Climate change is a growing threat to global biodiversity,
through changes in mean temperatures and increasing
frequency and intensity of extreme weather events (IPCC
2022). Temperature directly impacts individuals by alter-
ing physiological processes, many of which are relevant
to fitness, such as metabolism, oxygen demand, immune
functioning, and hormone production (Karl et al. 2017;
Verberk et al. 2016; Gonzélez-Tokman et al. 2020). By al-
tering internal processes, these upscale to individual and
population-level responses, such as changes to species’
behaviour (Hill et al. 2021), phenology (Inouye 2022), dis-
tribution (Pinsky et al. 2020; Soifer et al. 2025) and surviv-
al (Roman-Palacios and Wiens 2020). Furthermore, tem-
perature can indirectly impact interspecific interactions
by causing a breakdown of close ecological relationships
between species (Thackeray et al. 2010; Patterson et al.
2020), or through species’ range shifts creating novel
communities and interactions (Lurgi et al. 2012; Alexan-
der et al. 2015). Therefore, understanding how species ex-
perience temperature, particularly extremes, is of critical
conservation importance.

Most species, particularly small organisms such as in-
sects, do not experience temperature at the macroclimate
scale. Instead, small variations in topography and vege-
tation (microhabitats) can alter local climatic conditions
across various scales in the form of microclimates, which
can differ significantly from macroclimatic means (Bennie
et al. 2008; Song et al. 2013). For example, temperatures
can vary by 20 °C between north and south-facing moun-
tainsides (Scherrer and Kérner 2010). Landscape struc-
ture can therefore contribute to temperature differences
within small areas, which can be similar to those found
over large elevational or latitudinal gradients, and on one
hand can act as climatic refugia for species to support
persistence in otherwise adverse landscapes (cool refu-
gia) (Suggitt et al. 2018). Alternatively, landscape struc-
ture can trap hot air or amplify temperatures experienced
locally (heat trap), which would increase the prevalence
of detrimental temperatures within landscapes. Cool mi-
croclimates may be particularly important for species with
limited dispersal ability or physiological tolerance of high
temperatures, or during extreme weather events such as
heatwaves, where the direct temperature effects on many
species will be most severe.

Heatwaves, defined by the Met Office in the UK as
extended periods of hot weather relative to the ex-
pected conditions of the area at that time of year, are
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becoming increasingly common. In the UK, 2022 was
the hottest year on record, with the highest air tempera-
tures since records began, reaching 40 °C for the first
time (Yule et al. 2023). There is growing evidence that
extreme weather events such as heatwaves, rather than
gradual changes in mean temperatures, drive species’
responses to climate change (Bauerfeind and Fischer
2014; Ma et al. 2021). The evolutionary consequences
of extreme temperature events are currently poorly un-
derstood (Grant et al. 2017), but can include strong se-
lection in cases where specific phenotypes are affected
(Van De Pol et al. 2010). This can be through trunca-
tion selection, whereby only individuals with a particular
trait, such as thermal tolerance above or below a given
temperature threshold survive or are fertile and contrib-
ute to the next generation. Such strong selection can
increase the risk of population extinction (Vincenzi et al.
2012). Alternatively, should all individuals be equally af-
fected by an extreme temperature event, or the impacts
affect phenotypes randomly, there is little selective
pressure to adapt. Adaptation to cope with temperature
extremes can be inhibited by the innate unpredictability
and scarcity of extreme events, particularly for species
with short generation times. Therefore, selection im-
posed by these infrequent events can be eroded back
to a phenotype that copes better with averages than
extremes in subsequent generations (Bryant and Jones
1995). As such, microclimatic refugia may play a critical
role in allowing species to cope with extreme conditions
irrespective of adaptation, with long-term ecological
and potentially evolutionary implications.

There is a growing body of knowledge as to how mi-
crohabitat structure alters the temperatures that spe-
cies experience at very local scales, particularly relating
to ground-shading structures such as topography or
vegetation cover. For example, taller vegetation result-
ed in lower soil temperatures (Song et al. 2013), and
micro-topographically complexity altered microclimate
compositions in alpine systems (Opedal et al. 2015). Sim-
ilarly, there is evidence that microclimatic conditions vary
not only over the horizontal plane, but also the vertical
plane, with large differences in thermal conditions with
only minor changes in vertical height or distance from
the ground, thereby altering the conditions experienced
by species occupying different horizontal and vertical
parts of the landscape (Kearney et al. 2021; Klinges and
Scheffers 2021; Zellweger et al. 2024). Much recent re-
search has demonstrated the importance of considering
these variations in local climate when predicting species’
responses to climate change (Scheffers et al. 2014; Bau-
dier et al. 2015; Suggitt et al. 2018), particularly in relation
to species distribution modelling (Lembrechts et al. 2019;
Stark and Fridley 2022). However, although topography
and vegetation structure are known to influence micro-
climate temperatures (Bennie et al. 2008), it is unclear
whether microclimatic offsetting (the difference between
microclimate temperature and ambient air tempera-
ture, following the definition of De Frenne et al. (2021))
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changes during extreme weather events. Furthermore,
improving understanding of which environmental struc-
tures provide the most reliable cool refugia (microclimate
temperatures below ambient, which allow organisms re-
lief or escape from high temperatures), or result in heat
traps (microclimate temperatures above ambient, which
put individuals that live in these areas at greater risk from
high temperatures) during extreme weather events, can
inform management of landscapes to promote climate
resilience. With a greater understanding of which envi-
ronmental characteristics influence microclimate com-
position, land-managers could develop landscapes that
maximise species persistence under a changing climate,
and focus limited resources on the management of char-
acteristics that have the strongest influence.

This study takes place within a managed highly het-
erogenous calcareous grassland nature reserve in Bed-
fordshire, UK. As a calcareous grassland, this ecosystem
contains high biodiversity, but is also innately exposed,
with little shelter and dry soil (WallisDeVries et al. 2002).
As a result, calcareous grasslands are at particular risk
under future climate change, with the flora and fauna
that occupy them particularly exposed to extreme weath-
er events such as heatwaves.

Using a network of 131 temperature data loggers, this
study addresses the following questions:

1. Does the offsetting effect of microhabitats change
with environmental structure: topographic aspect,
slope steepness, amount of bare ground, degree of
shelter, vegetation type, or vegetation height, and
which structures are the most important?

2. Does the offsetting effect of microhabitats change
with increasing distance from the ground?

3. Does the offsetting effect of microhabitats change
with increasing air temperature, and is there a partic-
ular temperature at which this relationship changes?

4. Which combinations of environmental structures
that land-managers could alter result in the stron-
gest microhabitat offsetting effect with increasing
air temperatures?

We expect that microclimate temperatures will depend
on microhabitat structure, but that particular character-
istics will have stronger effects than others. We expect
that topography (aspect, slope) and vegetation (type and
height) will have strong effects on microclimate tempera-
tures, as these are known to result in local temperature
differences (Bennie et al. 2008; Song et al. 2013; Opedal
et al. 2015). We expect that shelter may have a strong im-
pact on the maintenance of cool refugia and heat traps
as a result of reducing air mixing and trapping hot or cold
air. We expect that percentage of bare ground will have an
impact on heat traps due to the chalk in the soil reflecting
solar radiation near the ground, resulting in amplified tem-
peratures. However, the high albedo of the chalk should
also reduce the amount of solar radiation absorbed, and
so the impact of bare ground may be weaker than other
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environmental characteristics. Our aim is to identify key
factors for land-managers and produce actionable advice
to support nature within climate-resilient landscapes.

Methods
Study site

Data collection took place in Totternhoe Quarry, Bedford-
shire, UK (51°53'30.75"N, 0°34'09.37"W) (Fig. 1), a highly
heterogeneous nature reserve managed by the Wildlife
Trust for Bedfordshire, Cambridgeshire and Northampton-
shire (110-130 m above sea level). Totternhoe Quarry is an
8.9-hectare Site of Special Scientific Interest (SSSI), com-
posed of a mixture of bare chalk, mixed length grasses, and
scrub, with highly variable topography as a result of medie-
val quarrying. There is no natural surface water on site. The
large variation in topography and vegetation structure with-
in a small area generates a variety of microclimates which
can be studied simultaneously while controlling for varia-
tions in local weather conditions. The reserve was origi-
nally mapped in 2009 with various updates in 2016—-2017,
as described in Hayes et al. (2018), and further updated
in 2018. A backpack GPS (Trimble GeoExplorer 2008 Se-
ries Geographica Positioning System Handheld Recorder,
running Fastmap Mobile 7, and Geobeacon Receiver) was
used to map out blocks of continuous habitat by walking
habitat perimeters, which were assigned slope, aspect, and
vegetation type characteristics. In 2020, environmental
characteristics (topographic aspect and vegetation type)
across the whole site were updated using images from
drone surveys and ground-truthed with on-the-ground sur-
veys. High resolution digital elevation models were used to
calculate aspect. There have been no general changes to
the distribution of vegetation types since 2020.

Microclimate data

Microclimate data were collected continuously from May
2018 to August 2019 (with a gap from April 1t to 25®
where data loggers were inactive, as they had to be col-
lected and reset), and again from May to August 2022. In
2018, sampling locations were selected using R (R Core
Team, 2018), by identifying the three largest continuous
areas of each combination of four vegetation types (ex-
posed chalk, short grass, long grass, encroaching scrub
- see below for definitions) and five aspects (north, east,
south, west, flat) based on fine-scale habitat maps of the
reserve from Hayes et al. (2018). We chose to stratify our
sampling in this way to capture the range of microclimat-
ic conditions represented across the reserve in relation to
both aspect and vegetation type, factors which are known
to influence microclimatic conditions. Not all combina-
tions of vegetation type and aspect had three replicates
large enough to appear on the maps (at least 5 m?), there-
fore a total of 51 locations were used. The geometric



Esme Ashe-Jepson et al.

e 2018-2019
o 2022

Aspect

| North
N West
/" East

" South

X Flat
Vegetation type
] Exposed chalk
] Short grass

I Long grass

I Encroaching scrub
I Dense scrub

Figure 1. Totternhoe Quarry nature reserve, with vegetation type (mapped from drone images in 2018 and updated in 2020, shown in
colour) and topographic aspect (calculated from the OS Terrain 5 map at 5-m resolution, shown with hatching lines) illustrated. Points
show locations with different combinations of topographic aspect and vegetation type where temperature data loggers were placed

in 2018-2019 and 2022, and environmental structure was recorded. Base layer ESRI Satellite imagery, accessed via QuickMapServices
plugin in QGIS 3.42.2. This includes imagery from Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid,

IGN, IGP, swisstopo, and the GIS User Community.

centroid of each polygon was calculated using R, and two
data loggers (Thermochron iButton (DS1921G-F5), Max-
im Integrated Products Inc) (accuracy + 1 °C) were placed
there, at 5 cm and 50 cm above the soil. These heights
were chosen to represent near-ground conditions that
organisms on low vegetation might experience (such as
caterpillars), and conditions flying insects (such as adult
butterflies) or insects climbing higher in the vegetation
might experience. Data loggers recorded temperature
hourly (on the hour) from April to October, and every
two hours (to extend the time they could be left) from
October to April. Data loggers were always orientated to
face north to minimise direct sunlight on the tempera-
ture-sensing face and were wrapped in shiny metal foil
to reflect rather than absorb solar radiation, reducing rap-
id temperature shifts due to short-term changes in solar
radiation, and to protect them from water damage. They
were then attached to wooden stakes (approximately 1
cm diameter) by zip ties (around the non-sensing outer
edge) with a piece of shielded garden wire (in contact
only with the zip tie), and they were suspended in the
air (Suppl. material 1: fig. S1). We acknowledge that the
exposed positions of the data loggers means that direct
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solar radiation hit the reflective surface, and may influ-
ence the temperatures recorded (Maclean et al. 2021).
We view the large number of data loggers deployed as
a compromise to more expensive radiation shields, and
reduces the risk of artificial temperature amplification
caused by shields heating in direct sunlight. We also note
that animals, such as insects, will also experience direct
solar radiation in this habitat, which will make our results
perhaps more realistic than loggers housed in shields. In
2022, a different 45 sampling locations were randomly
generated in QGIS version 3.36.3 (QGIS.org 2024) across
three replicates of each combination of five aspects
(north, east, south, west, flat) and three vegetation types
(short grass, long grass, encroaching scrub), with a min-
imum plot size (consistent aspect and vegetation type)
of 5 m? and a minimum distance of 10 m between each
point. All data loggers were placed at 1 cm above the soil
facing north, again shielded with shiny metal foil, and
recorded temperature hourly. This height was chosen to
represent near-ground conditions and was also partially
chosen to reflect other data collected as part of a wider
study. These temperatures should reflect the conditions
that ground-dwelling organisms experience.
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After placing the data loggers, environmental variables
were recorded from the 5 m? surrounding each point. Topo-
graphic aspect was recorded as the predominant slope di-
rection (assuming there was a slope, if not the point was
recorded as Flat), recorded on a compass by the observer
turning to face directly downhill. Slope was estimated in
degrees in categories (0°, 1-10°, 11-20°, 21-30°, 31-40°,
or > 40°). Shelter was recorded by scoring one point for
each cardinal direction in which there was an obstruction
(vegetation or topography) within 5 m of the point at chest
height (from 1 (no obstructions) to 5 (obstructions in all di-
rections), common obstructions included steep slopes and
scrub). Vegetation type was recorded in three categories:
encroaching scrub (25-75% of the surrounding 5 m? was
scrub), short grass (<25% scrub, average grass height < 10
cm), long grass (<25% scrub, average grass height > 10
cm). In 2022, two additional variables were collected due to
the likelihood of the ground-level data loggers being partic-
ularly affected by fine-scale local structure: the percentage
of bare ground within 5 m? of the data logger was estimat-
ed by eye, and the average vegetation height at time of data
logger deployment was recorded by gently lowering a clip-
board onto the vegetation until it was supported, and the
height of the clipboard above the ground was measured.
After three months (or six months in winter), the data log-
gers were retrieved (and replaced in 2018-2019 to allow
for continuous monitoring). Missing, moved, or tampered
data loggers were noted and excluded from analysis. The
temperature recordings were checked for outliers by visual
inspection of the data, removing incomplete datasets, or
complete datasets for data loggers where temperature re-
cordings appeared nonsensical for the location and time of
year (e.g. temperatures <-20 °C, n = 20).

Macroclimate data

Macroclimate data were acquired through the Met Office MI-
DAS Open database, where hourly air temperature data were
acquired from a nearby weather station (Woburn, 52.01400,
-0.59457) (approximately 16 kilometers from the study site)
(Met Office, 2019) (89 metres above sea level). The weath-
er station is positioned in a similar habitat composition to
the landscape of interest (in that it is placed within an open
grassy area comparable to a grassland). The weather station
thermometer recorded air temperature at a height of 1.25
m (Met Office, personal communication, February 5" 2025),
and was shielded with a Stevenson screen. A weather sta-
tion was chosen for comparison rather than microclimate
models due to weather station data still being commonly
used in ecological studies, providing real-world temperature
measurements for comparison, and its temperature record-
ings coming from a similar landscape. To date, microclimate
modelling methods are still at relatively coarse resolution
(e.g. ERA5 at 31 km, ERA5-Land at 9 km), which would incor-
porate a significant proportion of the surrounding landscape
which is not similar in composition to the study site (being
largely agricultural land and urbanised areas).
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Data analysis

Data analysis took place in R version 4.3.3 (R Team, 2024).
The data were initially prepared using the ‘dplyr’ (Wickham
and Romain, Francois 2023) and ‘lubridate’ (Grolemund
and Wickham 2011) packages. Plots were produced in
‘ggplot2’ (Wickham 2016) and ‘sjPlot’ (Lidecke 2021). All
temperature recordings (microclimate and macroclimate)
were cut to the same date-times, starting from midnight
after the last data logger was placed out, and running to
midnight before the first data logger was collected.

The difference in temperature between each microcli-
mate recording and the macroclimate was calculated for
each date-time (hereafter: microclimate offset). A positive
value indicated that the microclimate was warmer than the
macroclimate (a ‘heat trap’), and so the weather station
underestimated the temperatures species would experi-
ence locally. A negative value indicated the microclimate
was cooler than the macroclimate (a ‘cool refugia’), and so
the weather station overestimated the temperatures spe-
cies would experience. A value of zero indicated that the
microclimate and macroclimate temperatures were the
same, and so the weather station accurately reflected the
local conditions species would experience.

Does the offsetting effect of microhabitats
change with environmental structure:
topographic aspect, slope steepness,
amount of bare ground, degree of shelter,
vegetation type, or vegetation height, and
which structures are most important?

Due to the large number of variables and data points, and
the possibility of complex interactions between variables,
a random forest classification model was implemented to
predict which environmental structures had the highest
predictive power when it came to microclimate offsetting,
and the highest probability of maintaining cool refugia, us-
ing the ‘randomForest’ package (Liaw and Wiener 2002).
Note that only temperature records from the 1 and 5 cm
height data loggers was used, with the 50 cm loggers ex-
cluded from the random forest model.

To understand which environmental variables were im-
portant in altering the offsetting capacity of the microhabi-
tats, the first random forest classification model was trained
on the environmental variables; aspect, slope steepness,
shelter, vegetation type, and macroclimate temperature,
with the response variable as microclimate offsetting above
or below zero (a binary categorical response). Above zero
indicated a heat trap, whereby microclimate temperatures
were hotter than ambient (amplified), and below zero in-
dicated cool refugia, whereby microclimate temperatures
were cooler than ambient (buffered). We chose to use a bi-
nary approach to specifically focus on what land-managers
invest time and resources in to benefit nature (cool refugia),
or should be avoided (heat traps). A second model was also
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trained on only the 2022 data to include all previously men-
tioned environmental variables and also percentage bare
ground and vegetation height, which were only recorded in
that year. The random forest models were built using 500
decision trees. These models then ranked each variable in
importance in improving the predictions by calculating the
mean decrease in accuracy. This metric quantifies how
much the model accuracy drops when each variable is per-
mutated: a higher mean decrease in accuracy corresponds
to a variable that is more important for accurately predicting
offsetting capacity. Model performance was checked using
out-of-bag (OOB) error estimations. The model was trained
on a bootstrap sample (67%) with the remaining (33%) used
to test tree predictions. Each tree in the model was trained on
equal-sized class samples, which slightly elevated the OOB
(from 33.5% to 34.7%), but resulted in more balanced pre-
diction accuracy across classes (55.2% and 17.8% to 36.0%
and 33.8% respectively). To account for minor fluctuations
in variable importance due to the random sampling inherent
in random forests and bootstrapping, we re-ran the model
10 times and averaged the mean decrease in accuracy for
each variable to produce more stable importance rankings.
Similar random forest models were fitted with the same
structure, except that all categorical variables were trans-
formed to dummy variables. This was done to more specif-
ically test how each different level of each environmental
variable influenced the likelihood of a microhabitat main-
taining cool refugia specifically. Again, a separate model
was run for 2022 to include vegetation height and percent-
age bare ground (as continuous variables these were not
dummied). The difference in predictive power within each
variable was then visualised using partial dependence
plots, which show differences within variables while hold-
ing all other variables constant (for example to identify
differences in the dependent variable (positive or negative
microclimate offsetting) between north and south facing
slopes with all other variables held constant). This was
done by calculating log-odds of microclimate offsetting by
averaging the models’ predicted probabilities of a microcli-
mate being cooler than ambient (cool refugia) while chang-
ing a single variable and holding all other variables con-
stant. A higher log-odds value indicates a greater likelihood
that the model predicts cool refugia in that microhabitat.

Does the offsetting effect of microhabitats
change with increasing height above
the ground?

To test whether microclimate offsetting varied with height
above the ground, alinear mixed effects model was fitted with
microclimate offsetting as the response variable, and mac-
roclimate temperature, data logger height and their two-way
interaction as explanatory variables, and data logger identity
as arandom effect. A significant interaction would imply that
microclimate offsetting differs across air temperatures at
different heights above ground. Model assumptions and per-
formance of the random effect were checked before fitting.
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Does the offsetting effect of microhabitats
change with increasing air temperature,
and is there a particular temperature at
which this relationship changes?

To test whether microclimate offsetting changed with in-
creasing air temperatures, and whether there was a par-
ticular macroclimate temperature which altered this re-
lationship, a segmented linear mixed effects model was
fitted using the ‘segmented’ package (Fasola and Muggeo
2018). First, a linear mixed effects model was fitted using
the ‘nime’ package (Pinheiro et al. 2023) with the microcli-
mate offset as the response variable, and macroclimate
temperature as the explanatory variable. As it is likely that
environmental structure will influence this relationship,
environmental variables were also included in the model:
aspect, slope, shelter, vegetation type, vegetation height,
and percentage bare ground. Interaction terms were also
included between all environmental variables and mac-
roclimate temperature. By including these environmental
variables, the effect of macroclimate temperature on mi-
croclimate offsetting could be estimated independently
of these variables. Data logger identity was included as
a random effect. Performance of the random effect was
checked using the ‘ImerTest’ package (Kuznetsova et al.
2017). The model was then tested for evidence of a change
in slope using a Davies test, and the optimal breakpoint
was extracted using the ‘segmented’ package (Fasola and
Muggeo 2018). The segmented and non-segmented mod-
els were compared with AIC. To account for low hetero-
scedasticity, robust coefficients were calculated with the
‘broom.mixed’ package (Bolker and Robinson 2024).

Which combinations of environmental
structures result in the strongest
microhabitat offsetting effect with
increasing air temperatures?

To determine which combinations of environmental vari-
ables were most effective in maintaining cool refugia
during heatwaves, a linear mixed effects model was fit to
the data from all years (therefore excluding the variables
percentage bare ground and vegetation height, to reduce
the number of models run and missing values impacting
the results), with microhabitat offsetting as the response
and all possible combinations of all environmental vari-
ables, macroclimate temperature, and an interaction term
between the macroclimate temperature and environmen-
tal variables. Data logger identity was included as a ran-
dom effect. Note that temperature recordings at 50 cm
height were excluded from this analysis. We extracted the
slope of the relationship between macroclimate air tem-
perature and the microhabitat offset for all models. These
slopes were then ranked according to the lowest slope
value, as this would indicate combinations that could
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maintain either cool refugia (negative slopes), or microcli-
mate temperatures close to ambient temperatures with-
out heat amplification (slopes close to zero).

Results

In total, 629,503 microclimate temperature recordings
were recovered from 131 data loggers (309,072 in 2018
(172,436 at 5 cm, 136,636 at 50 cm), 270,600 in 2019
(154,161 at 5cm, 116,439 at 50 cm) (Suppl. material 1: fig.
S2A), and 49,831 in 2022 (all at 1 cm)) (Suppl. material 1:
fig. S2B). Microclimate temperatures ranged from -16.0 to
63.0 °C, with a mean * standard deviation of 14.8 + 7.6 °C.
Across 10,155 records, the macroclimate temperatures
ranged from -7.1 to 39.3 °C, with a mean * standard devi-
ation of 14.5 + 6.0 °C. Six heatwave events (as defined by
the Met Office as extended periods of hot weather relative
to the expected conditions of the area for that time of year)
were captured during recording (June 22" to August 8"
in 2018, February 21t to 28", July 21t to 29™, August 23™
to 30" in 2019, and June 15" to 17, July 17" to 19, and
August 9™ to 10™ in 2022). During these heatwaves, micro-
climate temperatures ranged from 17.2 °C below ambient
temperature to 36.0 °C above ambient. However, high tem-
peratures were not only recorded during heatwave events,
with 3,078 microclimate temperature recordings over
40 °C recorded during the surveyed period, 1,585 of which
occurred outside of the defined heatwave events (51.3%).

Does the offsetting effect of microhabitats
change with environmental structure:
topographic aspect, slope steepness,
degree of shelter, vegetation type, amount
of bare ground, or vegetation height, and
which structures are most important?

Overall, macroclimate temperature was the most influen-
tial variable in determining whether microhabitats became
heat traps or maintained cool refugia, followed by vegeta-
tion type, aspect, and shelter score, which all performed
similarly well, followed by slope steepness (Fig. 2A). In
2022, which included the variables vegetation height and
percentage bare ground, vegetation height ranked the high-
est of all the environmental variables, and percentage bare
ground the lowest. The inclusion of these extra variables
also changed the ranking of vegetation type and aspect,
though they performed relatively similarly in their impact
on model accuracy. In all cases, all environmental vari-
ables tested improved the model’s ability to predict wheth-
er microhabitats buffered or amplified temperatures.

All environmental variables tested influenced the abil-
ity of microhabitats to maintain cool refugia specifically
(Fig. 3). In particular, aspect (Fig. 3A), shelter (Fig. 3C), and
vegetation type (Fig. 3D) performed well, with north-fac-
ing slopes, medium shelter scores, and encroaching scrub
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Figure 2. Environmental variables ranked in importance according
to how much they contributed to the prediction accuracy of the
random forest models in all years (A) and only 2022 (B), which was
tested separately due to including two new variables (vegetation
height and percentage bare ground). All decrease in accuracy val-
ues are averaged from 10 models. Error bars show the standard
deviation in the decrease in accuracy values across the 10 models.

having the highest probabilities of maintaining cool refu-
gia. To a lesser extent, intermediate slopes (Fig. 3B), low
percentages of bare ground (Fig. 3E), and high vegetation
height (Fig. 3F) also contributed to increased probabilities
of maintaining cool refugia.

Does the offsetting effect of microhabitats
change with increasing distance from the
ground?

There was a significant change in microclimate offsetting
with distance from the ground (x> =11.082,d.f. = 1,p < 0.001)
(Fig. 4, Suppl. material 1: fig. S3), with temperatures at 50 cm
above the ground being similar to macroclimate tempera-
tures and remaining relatively stable with increasing air
temperatures, whereas temperatures near the ground (1 and
5cm) were increasingly warm as air temperatures increased.
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Figure 3. The marginal effects on the log-odds of a microhabitat having temperatures below ambient conditions (cool refugia) from

the random forest model. Each environmental variable’s effect is shown separately with all other variables held constant, with scale

bars standardised to ease comparisons. Higher marginal effects indicate a higher probability of a microhabitat being below ambient

temperature (cool refugia).

Does the offsetting effect of microhabitats
change with increasing air temperature,
and is there a particular temperature at
which this relationship changes?

There was a significant change in the relationship between
macroclimate temperature and microclimate offsetting ata
macroclimate temperature of 7.24 °C + 0.07 (d.f. = 323217,
p < 0.001), which results in a significant change in slope at

Frontiers of Biogeography 18, 2025, 164843

this temperature (AB = 0.357, SE = 0.006, t = 62.00), this
was confirmed by the Davies test (p < 0.001) (Fig. 5). Below
this temperature, microclimate offsetting decreased (i.e.
microclimate temperatures got marginally cooler relative
to macroclimate temperatures) as macroclimate tempera-
ture increased (B = -0.159, SE = 0.006, t-value = -25.079,
d.f. = 376329, p < 0.001). Above the breakpoint, microcli-
mate offsetting increased (i.e. microclimate temperatures
got warmer relative to macroclimate temperatures) as
macroclimate temperature increased (8 = 0.198).
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Figure 4. The relationship between air temperature (macroclimate temperature, from nearby weather station) and microclimate

offsetting (the difference between the microclimate temperature and macroclimate temperature) at different heights from the

ground (1 cm, 5 cm, and 50 cm). Points represent individual data logger hourly temperature recordings, and are plotted semi-trans-
parent to illustrate where data overlap.
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Figure 5. The relationship between air temperature (macroclimate temperature, from nearby weather station) and microclimate offsetting
(the difference between the microclimate temperature and macroclimate temperature). Points represent individual data logger hourly tem-
perature recordings and are coloured by the microclimate temperature. The black line illustrates the fitted segmented linear relationship,
with the breakpoint highlighted with a vertical red dashed line. The dashed horizontal line highlights the microclimate offset values of zero
(where the macroclimate and microclimate temperatures are the same). Above this line indicates the microclimate was hotter than the
macroclimate, and below the line indicates where the microclimate was colder than the macroclimate.
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Which combinations of environmental
structures result in the strongest
microhabitat offsetting effect with
increasing air temperatures?

Overall, north facing slopes in combination with encroach-
ing scrub performed best at maintaining microhabitat
temperatures close to the macroclimate temperature with
increasing air temperatures (Table 1), however note that
the slope value is positive, indicating that there is still mi-
nor heat amplification even in these habitats. Slope steep-
ness and shelter scores did not impact this relationship,
with all combinations resulting in the same slope value.
Overall, the vegetation type ‘encroaching scrub’ tended to
provide the most microclimate offsetting in combination
with all other environmental variables, followed by aspect
(with north-facing slopes performing particularly well). In
regard to heat traps, south-facing slopes with short grass
had the strongest temperature amplification effect, fol-
lowed by long grass, and then flat ground with short grass.

Table 1. The ranked coefficient values of linear mixed effects
models of all combinations of environmental variables (Aspect:
North, South, East, West, Flat), slope steepness (0-10°, 10-20°,
20-30°, 30-40°, > 40°), shelter (ordinal scale from 1-5), vege-
tation type (SG = short grass, LG = long grass, ES = encroaching
scrub), ranked by the lowest slope value. The coefficient indicates
the change in microclimate offset for every 1 °C increase in mac-
roclimate air temperature. Note that in cases where different lev-
els within a variable (e.g. slope steepness categories) resulted in
the same slope value, they have been collapsed into a single row
(with ‘All" indicating all categories of that variable are combined).

Rank Aspect Slope Shelter Vegetation Coefficient

steepness type
1 North All All ES 0.017
2 East All All ES 0.095
3 West All All ES 0.106
4 Flat All All ES 0.131
5 South All All ES 0.162
6 North All All LG 0.181
7 North All All SG 0.183
8 East All All LG 0.259
9 East All All SG 0.261
10 West All All LG 0.270
11 West All All SG 0.272
12 Flat All All LG 0.295
13 Flat All All SG 0.296
14 South All All LG 0.326
15 South All All SG 0.328
Discussion

The local landscape structure altered microhabitat tem-
peratures across space and time, with aspect, slope,
amount of bare ground, shelter, vegetation type, and veg-
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etation height all contributing to changes in microclimate
offsetting across air temperatures. Within the relatively
small study area, we found substantial variation in mi-
croclimate temperatures, showcasing how small areas
without extreme changes in topography or vegetation
can contain high thermal complexity. The strongest mi-
croclimatic offsetting occurred in areas with encroaching
scrub, north-facing slopes, high shelter, with tall vegeta-
tion. Microhabitats with these structures maintained mi-
croclimate temperature more similar to the macroclimate.
The offsetting effect changed with increasing distance
from the ground, with microclimate temperatures at 50
cm height being more similar to the macroclimate tem-
perature, whereas temperatures at ground level (1 and 5
cm) showed stronger deviations from the weather station
temperatures, with high temperatures being particularly
amplified. The offsetting effect of microhabitats across
increasing air temperatures showed a change in relation-
ship at approximately 7 °C. Below this, microclimate tem-
peratures got cooler relative to macroclimate tempera-
tures as macroclimate temperatures increased. Above
7 °C, microclimate temperatures got warmer and more
variable relative to macroclimate temperatures as macro-
climate temperatures increased, implying that the offset-
ting capacity of microhabitats changes with increasing air
temperatures, with fewer cool refugia and more heat traps,
ultimately amplifying extreme temperatures. However, the
increase in variation in microclimate temperatures with
increasing air temperature indicates some potential for
complex landscapes such as the study site to maintain
some level of microclimate complexity, even at high tem-
peratures, despite the general tendency of microclimates
to amplify ambient temperatures. There were microhab-
itat temperatures below the macroclimate temperature
even at high temperatures and so cool refugia should still
exist within landscapes during high temperature events,
however these are increasingly rare and less predictable
with increasing temperatures.

Many of the environmental variables that we tested can
be manipulated via management (e.g., Yates et al. 2000).
Small ectothermic organisms, such as insects, for which
the site is famous (for example it contains regionally rare
butterfly species such as Hamearis lucina, and special-
ist calcareous grassland species such as Polyommatus
coridon) are known to be sensitive to temperature change
(Pollard 1988), and so would benefit from small-scale ma-
nipulations of the site based on promoting microhabitat
combinations than confer microclimate complexity and, in
particular, cool refugia. This study took place in a relatively
small grassland nature reserve with active management
that has promoted microhabitat diversity. Our results
suggest that this diversity of environmental structures
has also produced high microclimate diversity, which in
turn should promote resilience to extreme temperatures
for the species living there (Suggitt et al 2018). Howev-
er, though there were cases of microhabitat temperatures
being below ambient across all air temperatures, none of
the environmental variables we measured were able to
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consistently or reliably reduce microclimate temperature
below ambient conditions, with temperature differences
being particularly pronounced during heatwaves. This
means that, if ambient temperatures exceed an organism's
thermal tolerance, microclimates may have a limited ca-
pacity to provide consistent climatic refugia. Microclimate
offset changed with increasing air temperatures and so
may not be sufficient to protect species from the impacts
of extreme temperature events. Our study highlights the
value of considering microclimate composition in species
distribution models or when making extinction risk predic-
tions (Lembrechts et al. 2019), as even in a relatively small
and consistent habitat, minor variations in microhabitat
structure resulted in changes to the temperatures organ-
isms experience at fine scales.

At the ground-level, extreme macroclimate tempera-
tures were amplified, whereas at 50 cm above ground mi-
croclimate temperatures more closely followed the weath-
er station temperature, which records temperature at a
height of 1.25 m (Met Office, personal communication,
February 5" 2025). Therefore, species that live close to the
ground may be particularly vulnerable to extreme tempera-
tures compared to species that live above the ground, for
example in trees or on tall vegetation, or which are more
mobile vertically, such as flying insects. Moreover, species
that can climb or fly would benefit from maintaining patch-
es of tall vegetation where they can escape extreme heat,
but it is unclear what measures would benefit strictly sur-
face-dwelling organisms. Further study is needed to deter-
mine whether surface-dwelling organisms in grasslands
have shown stronger responses to extreme temperatures
than species that live further from the ground. The rate
of change in microclimate offsetting with distance to the
ground also warrants further study. Across our randomly
selected sampling locations there were none with an aver-
age vegetation height of 50 cm, the highest being 35 cm.
There may be challenges in maintaining very tall vege-
tation whilst also protecting grasslands from scrub and
woodland encroachment, however our results suggest
that patches of tall herbaceous vegetation should be en-
couraged, which can be achieved, for example, by grazer
exclusion (Pardo et al. 2015). Our results also highlight the
value of scrub in grasslands for maintaining cool refugia,
though we recognise the difficulty in allowing scrub en-
croachment without compromising sensitive and special-
ised grassland communities. The lack of importance of
high shelter when it comes to the impact of scrub implies
that even low-density scrub can provide sufficient micro-
habitat buffering of high temperatures.

We detected a change in how microhabitats offset
macroclimatic conditions across ambient temperatures.
At cooler air temperatures (below 7 °C), microclimates got
relatively cooler as macroclimate temperature increased.
This could be due to cool air sinking to ground level, with
complex topography and vegetation trapping cold air lon-
ger and causing a lag in temperature change compared
to what was recorded by the more exposed and elevated
weather station (Sheridan et al. 2014, Jemmett-Smith et
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al. 2018), and therefore a negative trend. Weather stations
tend to be in open locations and above the ground and so
can detect changes in air temperature faster than in com-
plex microhabitats in natural systems. The weather station
used in this study is located on a nearby farm, in a relative-
ly open grassy area. Another possible explanation could
be radiative cooling at night, whereby the ground cools at
night and then cools air in contact with it by conduction.
Microhabitat structure could also alter microclimate tem-
peratures in a variety of ways not directly linked to tem-
perature. For example tall vegetation or topographic com-
plexity may obstruct wind and prevent air mixing, resulting
in slower changes in temperature compared to the ex-
posed and elevated weather station (Szkordilisz and Z6ld
2016). Ultimately this could result in a lag between micro-
climate temperatures and the macroclimate temperature.
Above 7 °C, we detected a rapid increase in variation in
microclimate temperatures and an overall increase in the
difference between microclimate and macroclimate tem-
perature. This could similarly be the result of the complex
microhabitat structures, whereby some surfaces (such as
bare earth or vegetation) absorb and radiate heat for peri-
ods of time, particularly during extended periods of direct
solar radiation, and result in microhabitats taking longer to
cool down. In calcareous grasslands, exposed chalk may
be a particularly strong reflector of solar radiation com-
pared to other surfaces such as vegetation or other soil
types, meaning that these ecosystems may be particularly
vulnerable to extreme temperatures due to reflection of
radiation from bare ground during high heat events. How-
ever, the high albedo of exposed chalk should also reduce
the radiation absorbed and result in dynamic temperatures
that may not persist for long once the radiation has ceased
(e.g. rapid cooling at night). This combination of effects
may explain why percentage bare ground did not have a
strong effect on microclimate offsetting compared to the
other environmental characteristics. The complex topog-
raphy and vegetation diversity in the reserve may act to
trap heat similarly as it traps cold air, trapping hot air which
cannot dissipate quickly. Moreover, our results come from
a calcareous grassland, which tend to be particularly dry
habitats with little moisture available for evaporative cool-
ing. The nature reserve this study took place in had a histo-
ry of medieval quarrying resulting in particularly thin soils
and highly heterogenous landscape structure. Therefore,
the patterns identified in this study are relevant to calcare-
ous grasslands, which are particularly biodiverse habitats,
but may not be applicable to other ecosystems. It would
be valuable to test whether the trends identified in this sys-
tem are similar to those in other damper or more sheltered
habitats. Ultimately, the increased difference between mi-
croclimate and macroclimate temperatures above 7 °C
results in an amplification of warming effects, and an un-
derestimation of microclimate temperatures by weather
stations in extreme heat conditions.

Over 3,000 microclimate recordings from 58 data log-
gers exceeded 40 °C, higher than the maximum record-
ed air temperature from the weather station (39.3 °C).
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Temperatures this high reach the upper thermal limits of
organisms (e.g. Clusella-Trullas et al. 2011; Cabello-Vergel
etal. 2022; Diamond et al. 2024). This implies that extreme
temperatures have been occurring within landscapes rel-
atively commonly. Half of these recordings occurred out-
side of heatwave events, meaning that heatwave frequen-
cy may underestimate the true frequency at which species
are exposed to extreme temperatures. Temperatures were
particularly amplified close to the ground, which could be
the result of several processes. Firstly, reflected radiation
from the ground surface are likely to be intercepted by the
data loggers and warm them relative to ambient condi-
tions. Secondly, the ground absorbs radiation and warms
and can then directly heat the air in close contact with it
by conduction. Lastly, complex topography or vegetation
structures can reduce air mixing or wind movement, re-
sulting in pockets of air close to the ground that vary more
in temperature than air further from the ground, which can
mix more readily and will therefore be less variable. It is
however also possible that this is partially due to record-
ing error. For example prolonged exposure to strong direct
sunlight may result in inaccurate air temperature record-
ings across various different temperature sensing devices
(Maclean et al. 2021), however it is worth noting that the
data loggers at 50 cm height recorded air temperatures
similar to the weather station, on average, while exposed
to the same amount of sunlight as the data loggers at the
ground-level (which were placed in the same locations).
This implies that the higher temperatures recorded by
the ground-level data loggers were genuinely the result
of higher ambient air temperature rather than this effect
being caused by direct sunlight exposure, although cau-
tion should be exercised when detecting extreme air tem-
peratures with any recording devices. Though care was
taken to reduce the chance of inaccurate readings (cov-
ering the data loggers in reflective metal foil, facing the
temperature-sensing side north to reduce direct sunlight
exposure), there is always the risk of inaccurate readings.
We attempted to mitigate this by checking the data for
outliers and excluding suspicious recordings. However, it
is worth noting that organisms do experience direct solar
radiation and therefore warming, particularly within open
habitats such as calcareous grasslands that often contain
little shade, so data loggers are reflecting realistic condi-
tions for organisms living within this environment.

The differences between the microhabitat tempera-
tures and the weather station temperatures highlights
the importance of considering microclimate availability
when predicting species’ responses to extreme weather
events; the temperatures that individuals experience at
the local scale can differ dramatically from macroclimate
recordings. Furthermore, many of the highest microcli-
mate temperature recordings occurred outside of heat-
waves, implying that animals may encounter inhospitable
temperatures more frequently than previously suspected,
at least at small scales and in exposed habitats such as
calcareous grasslands. Microclimates are often predict-
ed to help support species’ persistence in a landscape
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by providing climatic refugia and mitigating non-tolerable
temperatures (e.g. Suggitt et al. 2018), but our findings
also indicate that many microhabitats can also amplify ex-
treme temperatures, meaning that particular microhabitat
compositions may exacerbate climate change, particular-
ly for small or sessile organisms that have a limited ability
to move between microclimates. We may therefore ex-
pect species assemblages to alter under climate change
according to species’ capacity to locate and compete for
increasingly rare and unpredictable suitable climatic re-
fugia. This may be particularly the case in homogenous
landscapes with limited microclimatic variation, or in land-
scapes composed of a large proportion of microhabitats
that become heat traps under high temperatures (e.g.
those with short vegetation or very little shelter). Our re-
sult also implies that species may have been experienc-
ing extreme temperatures near the ground for longer than
previously suspected and therefore have had more time to
adapt. Further study is needed to determine whether spe-
cies with limited abilities to move between microclimates
within landscapes have shown stronger responses to ex-
treme weather events than more mobile species.

As topography is challenging to manipulate (though
see Hayes et al. 2024), landscapes containing north-fac-
ing slopes should be highly valued for conservation going
into the future, as they have a greater chance of providing
climatic refugia during increasingly frequent and intense
heatwaves. In addition, land managers could consider
constructing artificial topographies in areas of flat land
as a potential mitigation method for extreme tempera-
tures. Indeed, constructing artificial topographies is be-
coming an increasingly common management practice
in the UK; artificial topographies have been built in nature
reserves by the RSPB (https://www.rspb.org.uk/days-out/
reserves/winterbourne-downs, accessed 08/07/2025),
Butterfly Conservation (https:/butterfly-conservation.
org/our-work/reports-and-factsheets/habitat-creation, ac-
cessed 08/07/2025), and the Wildlife Trust (https://www.
wildlifebcn.org/banking-butterflies-project, accessed
08/07/2025). Compared to topography, vegetation is more
easily managed. Encroaching scrub performed particularly
well at supporting microclimates that did not trap heat in
high air temperatures, likely by providing a combination of
shade and shelter, and possibly also higher evapotranspi-
ration. Scrub clearance is a common management tech-
nique to maintain grasslands (Redhead et al. 2012), but
our results suggest that retaining some scrub would help
provide climatic refugia for species in calcareous grass-
lands during extreme temperature events. As low shelter
score areas composed of scrub performed similarly well
to areas with high shelter scores, out results indicate that
even at low densities scrub would be effective and so may
become an increasingly important component of the land-
scape under future climate change. Tall vegetation also
supported relatively stable microclimates and would not
compromise vulnerable grassland flora communities by al-
lowing scrub encroachment. As such, allowing vegetation
to grow long, protecting some areas from grazers, or not
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mowing throughout the hottest summer months, could pro-
vide refugia for small ground-dwelling organisms should a
heatwave occur. Ultimately, a combination of environment
structures within relatively small areas could help support
species and populations during high temperature events,
though we express caution in an over-reliance on micro-
climates as a solution to protect species from heatwaves.

Conclusion

Overall, variation in environmental structure resulted in
large differences in the microclimate temperatures that
small organisms may experience compared to macro-
climatic temperatures. In particular, macroclimate tem-
perature under-estimated the temperatures species
could experience during heatwave events, with some mi-
croclimates being as much as 20 °C hotter than the re-
cord-breaking macroclimate temperatures experienced
during the summer of 2022. Based on our findings, we
encourage land managers to maintain some scrub on
grasslands, to prioritise the protection of north-facing
slopes for climatic refugia, or to explore the possibilities
of constructing artificial topographies on flat land to pro-
tect species from the increasingly frequent and intense
extreme temperature events predicted under climate
change. However, ultimately the capacity of microhabitats
to create cool microclimates diminished with increasing
air temperatures, and all environmental variables tested
had a substantially weaker impact on microhabitat off-
setting than the macroclimate temperature, implying that
there is only so much that local environmental structure
can do to offset extreme temperatures. Understanding the
role and value of microclimates as climatic refugia, and
in particular whether this value changes during extreme
weather events, will improve our ability to predict species
and population responses to future climate change.
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