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Topography is expected to mediate species’ responses to climate change
by providing terrain-driven microclimates that buffer animals from
warming, yet how topographic shading drives animal responses to climate
change remains poorly understood. Using bioenergetic simulations
thatincorporate topographic shading to predict the ecological and
physiological consequences of climate warming, we show that topographic
variation can reduce energy expenditure by as much as 20.8% and increase
the buffering benefits of shifting elevation by 82.1% for diurnal ectotherms.
In contrast, topographic shading provided little buffering for nocturnal
ectotherms. Warming also increased energetic costs most at low elevations,
widening elevational differences in energetic costs. Across North America,

48.9% of mountainranges are depleted in topographic features that
buffer the effects of warming, with tectonic history shaping present-day
terrain-driven microclimates. Together, our results highlight topographic
variation as a critical variable shaping organismal experiences of climate
change atbothlandscape and continental scales.

Nearly half of assessed species are exhibiting range shifts in response
to climate change’. Although many species and populations are shift-
ing to higher latitudes and elevations to avoid warming”*, these
responses can be complex and difficult to predict’®. Topographic
variation (for example, elevation, slope and aspect), in particular, may
complicate predictions of species’ responses to climate change by
creatingterrain-driven microclimates, altering rates of local warming,
and modifying animal heat budgets through direct effects onincident
solarradiation and indirect effects on near-surface temperature, mois-
ture and heat exchange with the environment’ . Due to the potential
for topographic variation to buffer species from warming by creating
these microclimates, accurate forecasts of future range dynamics and
extinction risk™ likely depend on incorporating topography. Mod-
els grounded in thermodynamics have begun to explore the thermal
consequences of topographic variation® and its consequences for
activity in heliothermic ectotherms”, but their implications for buff-
ering energetic and activity costs across real montane landscapes,
for ectotherms with alternative activity patterns, and for the buffer-
ing potential of both elevation and aspect remain unclear. Although
correlative models suggest that suitable habitat for ectotherms may
shift across both elevation and aspect™, these approaches have yet to

resolve the mechanistic effects of terrain-driven solar radiation on
activity and energy expenditure, or the extent to which shiftsinaspect
and elevation can buffer organisms from warming.

Bioenergetic models predict organismal performance across
time and space, making them a powerful tool for predicting responses
to climate change®". These models use first principles to calculate
energy and mass exchange between an organism and fine-scale micro-
climates, which allows for predictions of fitness-related metrics like
activity and energy expenditure'®. By linking microclimate variation
to organismal performance, biophysical models play akey rolein con-
necting climate change to population- and species-level responses by
identifying the physiological and behavioural mechanisms that shape
vulnerability®?°. Accurate simulations rely on detailed information
about the morphology, physiology and behaviour of focal organisms?,
alongwithanunderstanding of the physical principles shaping relevant
microclimates across complex topographic landscapes®?. In temper-
ateregions, equatorial-facing slopes receive more solar radiation than
poleward-facing slopes®, leading to increased air and soil temperature
and lower relative humidity on equatorial-facing slopes®. Differences in
abioticand vegetative communities between slopes also drive variation
in the distribution and abundance of mammals®* %, birds®, reptiles®**'
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and invertebrates®*. Despite the cascading effects that topography
can have on ecosystems, the influence of topographic variation has
been oversimplified in many bioenergetic models by assuming solar
radiation on a horizontal surface. Although work has incorporated
topographic effects on solar radiation into microclimate models'*"**,
we still lack a clear understanding of how these effects vary across
taxa with different activity patterns and how they alter predictions of
elevational shifts to climate change.

We examined how topographic variation influences calculations of
directsolar radiationacross North Americaand the subsequentimpacts
on the ecological and physiological responses to climate change. For
these simulations, we employed a case study approach with two ecto-
therm species, the western fence lizard (Sceloporus occidentalis) and
the southern grey-cheeked salamander (Plethodon metcalfi), to dem-
onstrate how activity and energetic cost predictions can be altered
by topographic variation under current and future climates. These
two species were chosen because their relationships to direct solar
radiation differ dramatically: S. occidentalis is heliothermic and occu-
pies arid, sparsely vegetated terrain, whereas P. metcalfi is nocturnal
and occupies cool, forested environments. Together, they representa
broad range of possible ecological responses to topographic variation,
helpingidentify when topographic shading meaningfully alters model
predictions and when it can reasonably be ignored. We then used cur-
rent and future predictions of energy expenditure for S. occidentalis
to evaluate whether individuals could buffer the energetic costs of
warming through three potential responses: shifting aspect, shifting
elevation and shifting both aspect and elevation. Finally, we quantified
thedistributions of aspects among North American mountainranges to
determine how often landscapes are depletedin aspects that could help
buffer terrestrial organisms from warming. This study demonstrates
that topographic variation can markedly increase the buffering capacity
of upslope movementin response to climate warming, but differencesin
aspect diversity across mountain ranges may constrain these benefits.

Solar radiation simulations across North America
Incorporating terrain-driven shading from topographic variation, or
topographic shading, increased variability in solar radiation estimates
across North America (Fig. 1a), with finer-scale effects illustrated in
the focal lizard and salamander landscapes (Fig. 1b,c). We evaluated
how a topographic shading treatment and terrain features influ-
enced solar radiation predictions using effect sizes (w?) derived from
amixed-effectsmodel. The topographic shading treatment compared
simulations with solar radiation calculated on a horizontal plane with
terrain-corrected solar radiation, and terrain features included eleva-
tion, slope and aspect. The topographic shading treatment (w*= 0.17),
elevation (w*= 0.16), topographic shading treatment x northness
(w*=0.76), topographic shading treatment x slope (w?=0.23) and
topographic shading treatment x northness x slope (w? = 0.65) had the
largest effects on solar radiation (Supplementary Fig.1). Allother pre-
dictors had very small effect sizes (w* < 0.01; Supplementary Table 1).
Solar radiation decreased 6.3 +3.3% (mean + s.d.) on northern slopes
andincreased 4.2 + 4.3% onsouthern slopes when topographic shading
was included (Fig. 1b,c). The slope of the terrain also interacted with
aspect, where topographic shading had greater effects on steeper
slopes (SupplementaryFig.le). For example, considering the steepest
10% of slopes across the landscape, there was an 18.0 + 7.6% decrease
in solar radiation on northern slopes and a10.0 £ 6.2% increase on
southern slopes after including topographic shading (mean +s.d.).
We thenincorporated topographic shadinginto bioenergetic models
forlizards and salamanders to understand the downstream effects on
duration of activity and energy expenditure.

Lizard activity and energetics
For lizards, topographic shading altered activity (h yr™) and energy
expenditure (kJ yr™) across the simulated landscapes, which we

illustrated using polar plots thatincluded several interactions (Fig. 2).
Changesinyearly activity and energy expenditure ranged from19.5%
to —27.8% and from 10.7% to —20.8%, respectively (Fig. 2a,d). Both
yearly activity and metabolic energy expenditure for lizards were
strongly affected by climate period (current or future), elevation
and theinteraction between the topographic shading treatment and
northness (Supplementary Figs.2 and 3). Lizards were more active and
expended more energy in the future climate period (w*= 0.63 for activ-
ity; w* = 0.98 for energy expenditure) and at lower elevations (w*= 0.81
foractivity; w? = 0.94 for energy expenditure). The topographic shad-
ing treatment alone had small effects on lizard activity and energy
expenditure (w®< 0.01for both; Supplementary Table1), but the inter-
actionbetween topographic shading and northness had alarge effect
onactivity (w* = 0.23) and energy expenditure (w* = 0.54). Northness
also had a large independent effect on lizard activity (w*= 0.14). The
polar plotsillustrate that activity and energy expenditure increased
on southern slopes and decreased on northern slopes when solar
radiation was corrected for terrain (Fig. 2a,d). Based on these plots,
changes appeared to be especially pronounced during the current
climate period for northern slopes (Fig. 2b,e) and at higher eleva-
tions for both northern and southern slopes (Fig. 2¢,f). These shifts
inactivity and energy expenditure may reflect lower initial values at
high elevations and during the current period, making changes due
totopographic shading proportionally larger. Additionally, there was
astrong interaction between climate period and elevation for lizard
metabolismand activity (‘Warming steepens physiological gradients
along mountains’).

Including topographic shading led to temporal shifts in lizard
activity and energy expenditure that were mediated by aspect and
slope (Extended Data Fig. 1). Lizards on northern slopes experienced
contractionsinactivity at the beginning and end of the active season,
whilethelength of the active seasonincreased for lizards onsouthern
slopes (Extended Data Fig. 1a). On eastern and western slopes, topo-
graphic shading altered diel patterns of activity rather than season
length, with lizards on eastern slopes emerging and retreating earlier
inthe day and lizards on western slopes emerging and retreating later
in the day. Shifts in energy expenditure mirrored those of activity
across all aspects but were more modest (Extended Data Fig. 1b). The
magnitude of shifts in activity and energy expenditure also increased
with slope steepness (Supplementary Fig. 4), with lizards on steeper
slopes experiencing greater effects of topography. Overall, topo-
graphic shading produced heterogeneity in seasonal and diel timing
oflizard activity and metabolism, with aspect shaping the type of shift
and slope determining its strength.

Salamander activity and energetics

Being nocturnal, topographic shading had amuch smaller effect on sala-
manders. Metabolic energy expenditure experienced small shifts across
alllocations (ranging from 0.15% to —0.19%), while topographic shading
increased or decreased salamander activity for only 0.09% of loca-
tionsacross the simulated landscape. Like lizards, salamander energy
expenditure increased under the future climate scenario (w*>=1.00)
and decreased with elevation (w” = 0.72; Supplementary Fig. 5), while
their activity slightly decreased in the future period (w*= 0.08) and
increased at higher elevations (w*= 0.88; Supplementary Fig. 6). We
also detected important interactions between climate period and
elevation for salamander metabolism and activity (‘Warming steep-
ens physiological gradients along mountains’). All other predictors
of salamander activity and energetics had small effect sizes (w*< 0.02;
Supplementary Table1).

Warming steepens physiological gradients

along mountains

To test whether the consequences of topographic shading depended
on climate scenarios, we tested for interactions among topographic
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Fig.1| Topographic shading influences on annual solar radiation predictions
across North America. a, Change in variability of solar radiation calculated by
coarsening rasters of solar radiation by a factor of 25 (to ~0.21° resolution) and
computing the range of solar radiation within each block (AVariability = range,, . —
range,,sna.qe)- White boxes indicate approximate biophysical modelling regions for

S.occidentalisin southern California (b) and P. metcalfiin the southern Appalachians
(c). b,c, Changesinsolar radiation with topographic shading (WGS84; ~-0.0083°
resolution). Red areas indicate increases in solar radiation when topographic effects
were included, while blue areasindicate decreases insolar radiation (underlying
elevation andslope datafromrefs.59,60).

shading, elevation and climate scenario. The effects of topographic
shading did not vary between current and future climate scenarios;
however, lizard and salamander energy expenditure showed a large
interaction with climate period and elevation (w? = 0.85 for lizards,
w?=0.80for salamanders). Energy expenditure was consistently higher
under future warming and decreased with elevation in both climate
scenarios. However, the increase in energy expenditure under future
climate conditions was greatest at lower elevations and diminished
with elevation, resulting in larger differences between periods at lower
elevations (Extended DataFig.2a,b). Theinteraction between climate
period and elevation also influenced lizard and salamander activity
(w?=0.38 for lizards, w? = 0.18 for salamanders). For lizards, activity
generally increased in the future, except at lower elevations where
high temperaturesrestricted activity (Extended DataFig. 2c). For sala-
manders, activity strongly increased at high elevations but not lower
elevations (Extended Data Fig. 2d). The interaction between climate
scenario and elevation likely results from the non-linearity of metabolic
rate for ectotherms, inwhich metabolic ratesincrease at afaster rate at

warmer temperatures’. From this energetic perspective, elevational
gradients are energetically steeper under future warming scenarios
than current scenarios.

Elevation and aspect shifts buffer future energetic

costs

We then used dispersal simulations to understand how diurnal ecto-
therms, like S. occidentalis, might use elevation and aspect, both in
isolation and collectively, to minimize the activity and energetic costs
associated with climate warming. These simulations revealed that
shifting to cooler aspects can substantially increase the buffering
capacity of movement. We modelled the energetic buffering capac-
ity, defined as the capacity of an individual to reduce the impact of
future warming on energy expenditure by dispersing to environments
with the same energetic costs as their original location under cur-
rent climate conditions. By shifting only in aspect or only elevation,
energetic buffering capacity was 1.5 + 5.4% and 16.8 + 20.9%, respec-
tively (median +s.d.; Fig. 3a). However, by allowing both dispersal
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Fig. 2| Variable impact of topographic shading on lizard energy expenditure
and activity across aspects. a—f, Polar plots showing the percentage change in
lizard metabolic energy expenditure (a-c) and activity (d-f) across slope aspect
when topographic shadingisincorporated. Points represent unique locations
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and are coloured by percentage change (a,d), climate period (b,e) and elevation
(c,f).Solid black rings indicate no change, and black dashed rings indicate +10%
change (a-c) or £30% change (d-f). Percentage changes were calculated relative
to predictions assuming horizontal radiation.

across aspect and elevation, median buffering capacity increased to
30.6 +21.9% (Fig. 3a). Moreover, the number of individuals decreased
on south-facing slopes and increased on north-facing slopes in the
future warming scenario (Fig. 3b), indicating that availability of cool,
northern slopes will be critical for organisms to buffer themselves
against warming. When topographic shading was notincluded, fewer
individuals shifted to northernslopes and experienced the full ener-
getic buffering potential of shifting aspects (Fig. 3a,b). Specifically,
the number of individuals occupying northern slopes increased by
119.0% when topographic shading was included, compared to only
10.0% without shading. For diurnal species, the ability of species to
shift aspect along with elevation may be critical for mitigating the
negative effects of climate change.

Aspect diversity across North American
mountains

Because slope aspect influences solar exposure and the thermal
environments available to organisms, we quantified aspect diversity
across North American mountain ranges. Across all North American
mountain ranges, east- and west-facing slopes were slightly overrep-
resented, accounting for 28.1% and 27.7% of montane surface area,
respectively (Fig. 4a). The more shaded, north-facing slopes were the
most underrepresented, accounting for 21.9% of surface area (Fig. 4a).
However, individual mountain ranges displayed diverse aspect pro-
files, varyinginthe degree and direction of aspect skew (Fig.4b—-fand
Supplementary Table 2). Many mountain ranges were skewed towards
eastern and/or western slopes (44.4%), but others were skewed along
different axes (southwest-northeast: 15.6%; southeast-northwest:
4.4%; north-south: 4.4%) or not biased at all (31.1%; Fig. 4g). Aspect
availability also differed across elevation (Supplementary Fig. 7). For
example, the Greater Yellowstone Rockies, which overall exhibits
a uniform distribution of aspects, has a greater availability of east-
and north-facing slopes at lower elevations. Variation in aspect dis-
tributions along elevational gradients and among North American
mountain ranges likely reflects geological history and could shape
species’ responses to climate change by influencing the availability
of terrain-driven microclimates.

Discussion
Our simulations reveal the potential for topographic variation, beyond
simply elevation, to provide terrain-driven microclimates that buffer
organisms from climate change. Our models demonstrated that top-
ographic shading redistributed direct solar radiation across slopes
and aspects, increasing microclimate heterogeneity (Fig. 1). Micro-
climate differences translated to changes in energy expenditure and
activity, with southern slopes experiencing increases and northern
slopes experiencing decreases (Fig.2a,d), especially at high elevations
(Fig. 2¢,f) under current climatic conditions (Fig. 2b,e). As a result of
these differencesin energy expenditure, dispersal simulations revealed
that shifting aspects along with elevation substantially reduced the
energetic costs of future warming. Indeed, the energetic benefits of
shifting elevationincreased by 82.1% when organisms also shifted from
southernslopesto more northerly slopes, which occurred more often
when topographic shading wasincorporated (Fig. 3). Feldmeier etal.*
similarly highlighted that aspect shifts may complement elevational
shifts in montane ectotherms, but their correlative framework did
not explicitly model topographic shading, its effects on the thermal
environment or the body temperatures experienced by organisms,
which are central to our approach. Our results demonstrate that the
interplay between topographic complexity, local microclimates and
organismal ecophysiology will have important consequences for spe-
cies movement and persistence under climate change. Models that
predict the ecological consequences of climate change butignore the
fullbreadth of topographic variation may overestimate extinction risk.
We also assessed the potential for terrain-driven buffering by
examining the availability of cool slopes across North America. North
American mountain ranges vary substantially in their aspect distribu-
tions (Fig.4),and much of this variation appears to reflect the diverse
geological histories of mountain ranges. For example, many volcanic
mountain ranges (for example, Oregon Coast Range, Aleutian Range
and Trans-Mexican Volcanic Belt) have uniform aspect distributions,
reflecting the process of magmaerupting and cooling to form cone-like
structures”. Other mountain ranges like the Appalachian and Ouachita
Mountains (Fig. 4) are fold mountains and have bimodal aspect biases
orthogonal to their range orientation (for example, mountain ranges

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-026-02773-z

a b
75 1
W
g
z
3
8 50
@
(6]
(o)
£
9]
k=
=)
[a]
25
w
o &‘

T
Elevation
only

Aspect
only

Both

Fig. 3 | Differences in predicted buffering capacity and aspect shifts across
climate change responses. a, Metabolic buffering capacity of climate response
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upper whiskers represent the minimum and maximum values within 1.5 times
theinterquartile range of the lower and upper hinges, respectively. Outliers are
not plotted to improve visual clarity. b, Starting and ending aspect distributions
for lizards in the three climate response simulations. Coloursinaandb indicate
whether metabolic energy expenditure values were produced for simulations
thatincluded topographic shading (shading, blue) or assumed horizontal direct
solar radiation (no shading, red).

which run north-south predominantly have east- and west-facing
slopes). Fold mountains are generally formed through the compression
and folding of the Earth’s crust along convergent plate boundaries,
creating long, linear mountain ranges”. Fault-block mountain ranges
including the Sierra Nevada and Southwest Basins and Ranges have
more unimodal aspect biases. These ranges occur when part of the
Earth’s surface is displaced, often resulting in tilted blocks that are
steep ononeside (low surface areaand aspect bias) and gently sloping
on the other (high surface area and aspect bias)*. The unique geo-
logical history of each mountain range, influenced by interactions of
tectonicplates, drives current patternsin aspect-driven microclimate
availability, with potential consequences for species distributions now
andinthe future.

The specific aspect distribution of a mountain range may affect
how organisms both experience and respond to climate change. If
north-facing slopes warm slower'’, they may limit species exposure
to climate change. When these cool aspects are abundant, species can
more easily buffer the effects of climate change by shifting aspects.
However, our analysis revealed that nearly half of all mountain ranges
in North America have limited availability of cool, northern or north-
easternslopes (48.9%; Fig.4). These ranges, which primarily run north-
south or northeast-southwest, may restrict opportunities for aspect
shifts. Instead, species in these areas may benefit from latitudinal
movement corridors associated with north-south-oriented mountain
chains®, Elevation-dependent aspect distributions may also limit or
facilitate shifts to higher, cooler slopes, depending onaspecies’ current
altitudinal distribution (Supplementary Fig. 7). Physical constraints on
aspectavailability will lay the foundation for species-specific responses
to climate change in montane landscapes.

Species differ in their physiological sensitivities* * and behav-
ioural strategies, making aspect-associated climate buffering inher-
ently species-specific. We detected divergent effects of aspect and
topographic shading based on species’ life history and local environ-
ment. In our bioenergetic models, behavioural and physiological pre-
dictions for diurnal, desert-dwelling ectotherms responded strongly to
aspect and topographic shading, shifting the total amount and timing
of energy expenditure (Fig. 2 and Extended Data Fig. 1). In contrast, the

behaviour and physiology of nocturnal ectotherms in a forested envi-
ronment were largely insensitive to topographic shading and aspect
(SupplementaryFig. 6). Nocturnal activity periods combined with canopy
shadinginforested environmentslargely decoupled nocturnal ectotherm
body temperatures from direct solar radiation, minimizing the potential
effects of topographic shading on activity and energetics. These results
indicate that diurnal ectotherms in environments with sparse vegeta-
tion may benefit more from microrefugia associated with aspect and
topographic shading compared to nocturnal ectotherms inhabiting
forested environments*>**, Species-specific differences may be further
complicated by indirect effects of aspect beyond direct solar radiation.

Topographic shading across aspects has cascading effects on the
abioticand biotic features of ecosystems?**, Our model incorporated
the effects of topographic shading as changesin direct solar radiation
andits effects on soil temperature, butindirect effects of topographic
shading on soil moisture** and vegetative communities*® were not
considered. Recent work has shown that vegetation restructures the
strengthand direction of climate velocities, with dense areas of tropical
forest providing microclimate refugia®. In temperate forests, aspect
often has strong effects on vegetative communities*®*. Therefore,
organisms in temperate mountains may still display preferences for
aspectsdriven by the indirect effects of topographic shading, despite
not being affected by variation in direct solar radiation (for example,
nocturnal ectotherms). This is supported by the frequent observation
that the abundance and species richness of nocturnal ectotherms is
often higher on northernslopes****'. The direct and indirect effects of
topographicshadinglikely influence individual behaviour and physiol-
ogy, and shape ecological responses to climate change.

The effects of climate change on ectotherm populations are
expected to be mediated by energetic constraints®. Ectotherm metabo-
lismscales exponentially with temperature, meaning the same degree
of warming will have a disproportionate effect on metabolic demand
for populations starting at warmer baseline temperatures, like those
atlower elevations®. Our results are consistent with this principle, pre-
dicting that future increases in metabolic costs for ectotherms will be
greatest at lower elevations (Extended Data Fig. 2a,b). In other words,
with warming temperatures, mountains will become ‘energetically
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steeper’, such that the energetic difference between low and high
elevations will be greater in the future thanitis today. Janzen* famously
argued that dispersal barriers in montane ecosystems are shaped by
the steepness of altitudinal thermal gradients relative to species’ physi-
ological tolerances, leading him to propose that tropical mountains
are ‘higher’ than temperate mountains because even modest changes
in elevation can move tropical organisms outside the narrow range of
temperatures to which they are adapted®*. We expect that temperate
mountains will become similarly ‘higher’in the future for ectotherms
from an energetic perspective, which will limit dispersal among moun-
tains and increase the need for ectotherms to exploit higher eleva-
tions and cooler slopes. Rapidly increasing energetic costs may also
compromise fitness®, potentially leading to population extirpation
at low elevation and explaining why altitudinal range shifts are more
common in ectotherms than endotherms*®.

Our simulations were designed to isolate the potential for eleva-
tion and aspect shifts to buffer metabolic costs for ectotherms rather
thanassess the complete feasibility of movement. Realized movement
will also depend on other traits and processes, including critical ther-
mallimits, hydration state, life stage, predation risk, prey availability,
habitat structure, dispersal motivation and species-specific movement
behaviour. Additionally, we assumed phenotypic traits do not change
acrossspace. Thus, our approach does not capture population-specific
variation in morphology, physiology, behaviour or life history that
may occur across elevational gradients®*®, Future work investigating
animal responses to warming should consider other ecological factors
affecting dispersal and incorporate geographic variation in phenotypic
traits. Mechanistic bioenergetic models, like those used here, provide
aflexible framework which could accommodate more complex models
of dispersal and trait variation.

The fate of montane biodiversity in the context of global warm-
ing will depend on species’ ability to adapt to new conditions or track
favourable climates. The direction of favourable environments has

often been simplified to higher latitudes and elevations; however,
empirical evidence suggests that responses to warming are more vari-
able®. We show that a narrow focus on elevation inhibits acomprehen-
sive understanding of topographicinfluences on organismalresilience
to climate change. Instead, predictions should incorporate other axes
of topography (for example, aspect and slope) and their downstream
effects onabiotic conditions and biotic communities to identify micro-
refugia under global warming.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

General approach

We first developed a topographic shading algorithm (‘General topo-
graphicshadingalgorithm’) to understand how topographic variation
influences solar radiation across North America (‘Solar radiation simu-
lations across North America’). We then used bioenergetic models to
examine theimpact of topographic shading on predictions of activity
and energy expenditure for two ectotherm species occupying different
habitats: western fence lizards (S. occidentalis) in southern California
(spatial extent:116.13-118.52° W and 34.52-36.74° N) and the southern
grey-cheeked salamander (P. metcalfi) in the southern Appalachians
(spatial extent: 80.00-85.00° W and 34.00-38.00° N) (‘Lizard simula-
tions of activity and energetics’ and ‘Salamander simulations of activity
and energetics’). These models generated hourly predictions of opera-
tive temperatures (or humid operative temperatures for salamanders),
potential durations of daily activity and energy expenditure integrated
across theyear based on conditions from the middle day of eachmonth,
representing the monthly average. Values for a given month were
multiplied by the number of days in that month and summed to obtain
yearly values. We implemented models under current (1970-2000)
and future climate conditions (2081-2100; Global Circulation Model
(GCM): Euro-Mediterranean Center on Climate Change Earth System
Model 2 (CMCC-ESM2); scenario: Shared Socioeconomic Pathway 3-7.0)
using WorldClim v.2.1 temperature and elevation data and EarthEnv
slope datawith a spatial resolution of 30 arcsec’**°. Because this frame-
work compares two climate-period averages rather than continuous
annual or decadal trajectories, it does not evaluate non-linear changes
in energetic costs through time or capture short-term temperature
variability, including extreme events such as heatwaves. At 30-arcsec
resolution, our model captures landscape-scale topographic effects,
including mountains, large hillslopes, elevational gradients and major
differencesinslope aspect, but does not resolve fine-scale microtopog-
raphy such as boulders, small ravines and other metre-scale refugia.
We calculated aspect values from the 30-arcsec WorldClim elevation
raster using the terra package in R®’. To understand the impact of ter-
rain, we ran simulations with and without a topographic shading algo-
rithmforeach species and climate period combination. We conducted
simulationsin Python (v.3.10.7) using an array-based approach, which
we describe in greater detail below. We then developed a dispersal
model to understand how elevation and aspect influence the capac-
ity of alizard to buffer the energetic costs of warming (‘Elevation and
aspect shifts buffer future energetic costs’in the Methods). Finally, we
characterized the distributions of aspect diversity across mountain
ranges in North America to determine the extent to which mountain
ranges lack aspects that may buffer organisms from climate warming
(‘Aspect diversity across North American mountains’in the Methods).

General topographic shading algorithm

Animportant component of modelling microclimatesis calculating the
amount of solar radiation received by alocation. Here we define atopo-
graphic shading algorithm that accounts for terrain-driven shading
from slope, aspect, self-shading and cast shadows, while recognizing
that it does not resolve finer-scale shading from vegetation, shrubs,
rocks, crevices or other microhabitat features below the spatial resolu-
tion of the model. We used widely adopted solar radiation equations to
calculate the amount of radiation on a horizontal plane given the loca-
tion, day of year and time of day®**°. For simulations including terrain
effects, direct solar radiation values were adjusted to account for
self-shading, cast shadows and the angle of incidence. The algorithm
checked each location for self-shading, which occurred when a loca-
tion’s slope was greater than the solar altitude angle and the solar azi-
muth was not within +90 degrees of the slope aspect®. Toincorporate
shading from cast shadows for agivenlocation, we compared the hori-
zonangle of each cell along the azimuth angle to the solar altitude angle
(with a maximum tracking distance of 50 km)®. If any horizon angles

along the solar azimuth exceeded the solar altitude angle, the direct
solarradiation component for that cell was set to zero. Steps along the
azimuth angle were calculated in metres to avoid angle distortion in
degrees. For locations without shading, we corrected direct solar radia-
tion on a horizontal plane to account for sloping surfaces using the
following conversion factor in ref. 67: Z: Z where Ois the angle of inci-
dence and ¢ is the solar zenith angle. We calculated the angle of inci-
dence as: cos (6) = cos (@) x cos (i) + sin (@) x sin (i) x cos (y — a), where i
isslope steepness, yis the solarazimuthand ais slope aspect. We used
these calculations to define a categorical topographic shading treat-
ment comparing two simulation conditions: horizontal radiation, in
which incoming solar radiation was calculated for a horizontal plane
without terrain effects, and terrain-corrected radiation, inwhich incom-
ing solarradiation was adjusted for slope, aspect, self-shading and cast
shadows. Wealso note that because WorldClim air-temperature layers
are spatially interpolated across real landscapes, horizontal-plane
simulationsstill retainsome implicit aspect-associated variationin air
temperature, even though direct solar radiation is not corrected for
slope, aspect, self-shading or cast shadows.

Soil temperature

Followingref. 68, we calculated soil surface temperatures by adapting
the surface energy balance equations in ref. 69. The energy balance
model iteratively predicted soil surface temperatures by incorporat-
ing sensible heat flux, net radiative flux, ground storage of heat and,
in salamander simulations, latent heat flux. For lizard simulations,
latent heat flux was excluded because soils in the southwestern USA
aregenerally arid”. Subsurface temperatures were calculated using a
one-dimensional explicit finite-difference heat diffusion simulation
based on soil surface temperatures.

Soil properties varied between salamander and lizard soil tempera-
ture models. Namely, for lizard simulations, soil thermal conductivity
was 0.25 W m™ K™ and soil-specific heat was 0.83 k) kg™ °C (refs. 71,72).
Forsalamander simulations, soil thermal conductivity was 0.2 W m™ K™
and soil-specific heat was 1.92 k) kg™ °C™ (refs. 71,73). To incorporate
spatial variationin soil properties, we used bulk density and soil water
content maps obtained from SoilGrids 2.0”. Appalachian soil tempera-
tures rarely drop below freezing, likely due to the zero-curtain effect”,
so we set a lower limit of O °C for Appalachian soils. To approximate
canopy shading in Appalachian forests, we reduced direct solar radia-
tionto 10%, a conservative simplification reflecting the strong reduc-
tion in understory radiation beneath closed forest canopies’.

We validated soil temperature models for sandy soils in south-
western USA and soils in the southern Appalachians. Simulated
soil temperatures were compared to soil temperatures recorded
by the Soil Climate Analysis Network (https://www.nrcs.usda.gov/
resources/data-and-reports/soil-climate-analysis-network, accessed
1August 2025) at three soil depths (2 in, 4 in and 8 in) across five sites
for southwestern soils and ten sites for southern Appalachian soils
(Supplementary Table 3). Validation sites were primarily located on
relatively flat terrain (Supplementary Table 3). Model performance was
evaluated using linear regressions between simulated and observed
soil temperatures. There was high congruence for both Appalachian
(Supplementary Fig. 8; R*=0.91-0.95, slope = 0.98-1.08, root mean
square error =1.89-2.27 °C, bias = 0.29-0.66 °C across depths) and
southwestern soils (Supplementary Fig. 9; R*=0.88-0.93, slope = 1.02-
1.19, root mean square error =2.69-3.52 °C, bias = 0.26-0.83 °C
across depths).

Solar radiation simulations across North America

To investigate the broad-scale impact of our shading simulation, we
incorporated the terrain algorithm into calculations of monthly and
yearly solar radiation received across North America (20-180° W and
7-85°N). We applied the algorithm to WorldClim elevation and Earth-
Env slope data at aresolution of 30 arcsec (refs. 59,60). We modelled
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solar radiation for the middle day of each month and extrapolated to
monthly and yearly values. We quantified how the shading algorithm
affected variability in solar radiation by coarsening rasters of solar
radiation by a factor of 25 (chosen to facilitate visualization in Fig. 1a)
and calculating the range of values within each block.

We validated our solar radiation model by comparing our
non-shaded predictions to ground horizontal irradiance values pro-
duced by the National Solar Radiation Database using linear regres-
sion””. We cropped the solar radiation rasters from our predictions and
the National Solar Radiation Database to their overlapping extents and
resampled both rasters to 2.5 arcmin resolution using bilinear inter-
polation. We took a random sample of 100,000 locations to conduct
ourregression analysis and found broad agreement between datasets
(Supplementary Fig.10; R* = 0.88, slope =1.03), although residuals were
larger athigh predictedirradiance values, where our model tended to
overpredict relative to the National Solar Radiation Database .

Lizard simulations of activity and energetics

In the lizard simulations, individuals were active during the daytime
(thatis, when solar altitude angles were greater than zero) whenever
surface operative temperatures were within suitable thermal condi-
tions, which ranged from 26.4 °C to 37.8 °C based on reported field
active body temperatures for S. occidentalis’. Whenever surface
operative temperaturesin full sun exceeded 37.8 °C, lizards retreated
to shaded surface microclimates where we assumed 80% shade. We
assumed that lizards maintained the preferred body temperature of S.
occidentalis (35 °C)” if open microhabitats were above their preferred
temperature and shaded microhabitats were below their preferred
temperature. Lizards were inactive in a burrow whenever operative
temperaturesinboth openand shaded microclimates exceeded 37.8 °C.
Operative temperaturesrepresent the steady-state body temperature
of an animal by incorporating aspects of thermal exchange (that is,
convection and radiation) with the environment®. For lizards, evapora-
tive heat exchange generally has modest effects onbody temperature
(except for panting at high ambient temperatures®), and operative
temperatures areacommon and accurate way to quantify their thermal
environments'”*2, Operative temperatures were calculated using the
following equationinref. 64:

Te - Ta + Rabs — ESGT:

Cp(gr +gHa)

where T, is the operative temperature, T, is the ambient temperature
(here we used air temperatures 1 cm above the surface), R, is
absorbed radiant energy, ¢ is the organism’s emissivity (0.965)%, o
is the Stefan-Boltzmann constant, c, is the specific heat of air, g; is
boundary conductance and gy, is radiative conductance. We calcu-
lated absorbed R,,, assuming a shortwave absorptance of 0.9 and a
longwave absorptance of 0.965 (refs. 83,84). During periods of inac-
tivity, lizards maintained body temperatures equivalent to soil tem-
perature at 10 cm below the surface, a depth consistent with shallow
subsurfaceretreat depthsusedin priorlizard thermal ecology studies
onS. occidentalis®. Energy expenditure (k] h™) for S. occidentalis was
calculated each hour based on lizard mass, body temperature (T,)
andactivitystatus(20.2 x 1071771 5 mass0-82 x activity scope x 0.001
(refs. 86,87). Lizard mass was held constant at 9 g (ref. 88). The activity
multiplier was set to 1 for inactive hours and 1.5 for active hours,
reflecting the assumed increase in metabolic rate during activity for
iguanids®’. By assuming phenotypic traits do not change across space,
our approach does not capture population-specific variationin mor-
phology, physiology, behaviour or life history that may occur across
elevational gradients, but allows the direct comparison of energetic
consequences across topographicscenarios while holding organismal
traits constant. To evaluate the potential impacts of morphological
and behavioural variation on lizard energetics predictions, we

conducted sensitivity analyses across a range of body sizes (2.6 g,
4.8g,7.3g,12.4 gand 38.0 g)°, shortwave solar absorptances (0.6,
0.7, 0.8, 0.9 and 0.985) and voluntary thermal limits (+2 °C;
Supplementary Figs.11-13). We varied each parameter independently
and found no qualitative changes to primary results across the range
of tested values.

Salamander simulations of activity and energetics

For salamander simulations, individuals were active at night under
permissive thermal and hydric conditions. Salamander body mass
was held constant at 3 g, approximating the mass of a typical adult
P.metcalfi’'.Humid operative temperatures required for activity ranged
between 5 and 25 °C (refs. 92,93). Humid operative temperatures are
similar to operative temperature, but also incorporate evaporative
cooling from water loss. They were calculated using the following
equation fromref. 64:

Ton =T, + V" (Rabs_gsgrg D)
eh = Ta T

S+p Co8ur  V'Pa

T.,isthe humid operative temperature, 7, is theambient temperature
(here we used soil surface temperature), y* is the apparent psychrom-
eter constant, sis the slope of saturation mole fraction function, R, is
absorbed radiantenergy, ¢,is the organism’s emissivity (0.96), o is the
Stefan-Boltzmann constant, ¢, is the specific heat of air, g, is the
combined boundary layer and radiative conductance, D is the vapour
pressure deficit of the air and p, is the atmospheric air pressure.

Hydric conditions influence salamander activity by influencing
rates of evaporative water loss’. We calculated water loss (g h™) fol-
lowing ref. 95. Though salamanders exhibit plasticity in their skin
resistance to water loss”**°, we simplified resistance and held it con-
stantat5s cm™ Salamanders ceased activity whenever 7% of their body
mass was lost to dehydration during agiven night®*. During periods of
inactivity, salamanders retreated to 20 cm below the soil surface” and
body temperatures were equivalent to soil temperature. Energy
expenditure was calculated based on the thermal sensitivity of V0,,
with the following equation fromref. 92:

log VO, = (0.041 x body temperature) + (0.59 x log(mass)) + 1.05

Statistical analyses

To evaluate the effects of topographic shading treatment and terrain
features (thatis, elevation, slope and aspect) on yearly predictions of
North American solar radiation and bioenergetic predictions (activity
and metabolic energy expenditure) for salamanders and lizards, we fit
linear mixed-effects models with the Ime4 package®inR (v.4.1.2). We
limited our analyses to parts of the landscape with slopes greater than
2.5%, whichrepresented 28.0% of North America, 57.4% of the southern
Californiaregion (n=43,212locations for S. occidentalis) and 54.9% of
the southern Appalachianregion (n =157,339 locations for P. metcalfi).
All numeric predictor variables were standardized. Model assump-
tions for normality and homoscedasticity of residuals were evaluated
using diagnostic plots, and multicollinearity was assessed using vari-
ance inflation factors. All statistical inferences were conducted at the
level of unique spatial locations, with repeated simulations between
climate periods and topographic shading treatments modelled as
non-independent observations using random effects.

For thesolar radiation simulations across North America, weran-
domly sampled 100,000 locations and fitted a mixed-effects model
withtopographic shading treatment, environmental variables as fixed
effects and location as arandom effect:

Annual solar radiation ~ (shading treatment x northness x slope)

+ eastness + elevation + (1/location)
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Models for annual activity and metabolic energy expenditure for
lizards had the general structure:

Response ~ (shading treatment x climate period)
x (northness + eastness + slope + poly(elevation, 2))

+ (1]location) + (1|location:climate period)

For salamander activity and energy expenditure models, we
retained shading treatment, climate period, elevation and climate
period x poly(elevation, 2) due to model non-convergence and instabil-
ity whenincorporating other predictors and interactions. Therefore,
salamander models took the following structure:

Response ~ shading treatment + (climate period x poly(elevation, 2))

+ (1llocation) + (1]location : climate period)

Weincluded a quadratic term for elevation toallow foranon-linear
relationship with activity and metabolism. The interactive random
effect, (1/location:climate period), created random intercepts for each
location x climate period combination. Slope aspect, a circular vari-
able, was broken down into two orthogonal components: eastness and
northness. Eastness was calculated as the sine of aspect (west-facing
slopes = -1; east-facing slopes = +1) and northness was calculated as the
cosine of aspect (north-facing slopes = -1; south-facing slopes = +1). Ana-
lysing ecological simulation models with frequentist tests of statistical
significance can be misleading due to large sample sizes”. Instead, we
calculated effect sizes for each parameter using omega-squared values
(w?) with the function ‘omega_squared’ from the effectsize package'*.
We interpreted w? values following ref. 101, where w? > 0.14 is a large
effect, 0.06 < w*< 0.14 isamedium effect and w? < 0.06 is a small effect.

We used polar plots to visualize the effects of topographic shad-
ing on activity and metabolic costs across slope aspects. Each point
represented a location on the landscape and was colour-coded to
descriptively demonstrate the effects of climate period and elevation.
Slope aspect was presented on the angular axis with 0° denoting south
andincreasing counterclockwise, and the change in activity or metabo-
lism was indicated by the radial axis. To highlight relative changes in
activity and metabolic costs, we expressed changes as the percentage
change that occurred when topographic shading was incorporated.

Elevation and aspect shifts buffer future energetic costs

We used maps of metabolic energy expenditure for lizards in the cur-
rentand future climate periods to examine theindividual and combined
buffering capacity of shifting elevation and aspect. We conducted three
simulations with varying responses to climate change: (1) individuals
could shiftin aspect but only +10 min elevation, (2) individuals could
shiftinelevationbutonly £10°inaspect and (3) individuals could shift
inbothelevationand aspect. These simulations represent cumulative
dispersal across generations, in whichindividuals disperse by tracking
environments that maintain energetic costs similar to those experi-
enced at their starting locations under current climate conditions.
Under those constraints, lizards dispersed to cells in the future that
most closely matched their current metabolic energy expenditure.
We alsoransimulations with less restrictive elevation and aspect con-
straints to examine the sensitivity of our results (+100 m in elevation
foraspect-only treatment; £25°inaspect for elevation-only treatments;
Supplementary Fig. 14). Starting locations for lizards were limited to
parts of the landscape with >2.5% slope and within 0-3,300 melevation,
theknown elevational range of S. occidentalis (n = 42,332 locations)'%%.
We constrained lizard movement to a maximum distance of 3,380 m,
based on 50 dispersal events with individual dispersal events being
67.6 m. The number of dispersal events was calculated assuming age
of maturity of 2 years and a100-year time period (2000-2100), and the
dispersal distance was determined based on amean natal dispersal of

45.6 m'® plus a female home range radius of 22 m'**, We assessed the

buffering capacity of each strategy as the percentage reductionin the
projected increase in metabolic costs achieved by moving, relative to
remaining in the same location in the future. To evaluate movement
alongaspects, we displayed circular histograms of starting and ending
aspects for eachresponse strategy (Fig. 3). This approach assumes that
lizards preferentially settle in thermal environments that preserve cur-
rentenergetic conditions, reflecting the tendency of many ectotherms
to behaviourally avoid microclimates that increase physiological costs.
These simulations were designed toisolate the potential for elevation
and aspect shifts to buffer metabolic costs, but we acknowledge that
realized movement across landscapes will also depend on other traits
and processes, including critical thermal limits, hydration state, preda-
tionrisk, habitat structure, dispersal motivation and species-specific
movement behaviour.

Aspect diversity across North American mountains
Tounderstand the potential for aspect-mediated topographic shading
across North America, we characterized the elevational and aspect
diversity across 45 mountain ranges. We calculated aspect values from
the 30-arcsec WorldClim elevation raster using the terra package in
R®.The surface area of each cell was calculated by dividing the planar
areaof each cellby the cosine of the terrain slope. We extracted aspect,
elevationand surface areavalues for major North American mountain
ranges delineated using the 300 selection of the Global Mountain
Biodiversity Assessment Mountain Inventory v.2°>, We categorized
mountain ranges into five categories: east-west biased, north-south
biased, southwest-northeast biased, southeast-northwest biased and
uniform. To calculate directional bias, we created summed surface
arearatios of aspects grouped into cardinal and ordinal directions. For
eachratio, we summed surface areavalues along a directional axis (for
example, eastern and western slopes) and divided by the sum of surface
areas alongthe corresponding orthogonal axis (for example, northern
andsouthernslopes). We defined amountain range as having a uniform
aspect distribution if no cardinal or ordinal direction was biased by
more than 20%. Cardinal and ordinal bias ratios were compared to
determineif amountain range was primarily skewed along cardinal or
ordinal axes. We visualized overall aspect diversity for each mountain
range using circular histograms showing the relative frequencies of
terrain aspects (Fig. 4). We used hypsographic curves separated by
northern, southern, eastern and western slopes to show the surface
areaavailability of aspects across elevation (Supplementary Fig. 7).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Climateandelevation datawereretrieved from WorldClimv.2.1 (https://
worldclim.org/)®°. Slope data were retrieved from EarthEnv (https://
www.earthenv.org/topography)®. Mountain range delineations were
obtained from the Global Mountain Biodiversity Assessment Mountain
Inventory v.2 (https://www.earthenv.org/mountains)®-%, Spatial soil
properties were obtained from SoilGrids 2.0 (https://soilgrids.org/)™.
Empirical soil temperature data were retrieved from the Soil Climate
Analysis Network (https://www.nrcs.usda.gov/resources/data-and-
reports/soil-climate-analysis-network)'®. Data and code that sup-
port the findings of this study are available via Zenodo at https://doi.
org/10.5281/zenodo0.20798329 (ref.106). Note that some intermediate
datafiles were toolarge to be shared through Zenodo but are available
fromthe corresponding author upon reasonable request.

Code availability
Thescriptsused torunand analyse simulations are available viaZenodo
at https://doi.org/10.5281/zen0od0.20798329 (ref.106).
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Study description This study used a simulation-based framework to quantify how topographic shading and terrain features influence predicted solar
radiation, activity, and metabolic energy expenditure across landscapes. Simulations were hierarchical, with hourly microclimate and
organismal predictions generated for independent spatial locations across multiple climate periods (current and future) and shading
treatments. Linear mixed-effects models were used to evaluate effects while accounting for non-independence of repeated
predictions within locations.

Research sample We conducted bioenergetic simulations of the western fence lizard (Sceloporus occidentalis) and the southern gray-cheeked
salamander (Plethodon metcalfi), over areas relevant to their distributions. We used information about body size, solar reflectance,
voluntary activity temperatures, metabolic physiology, etc. from existing literature (e.g., Riddell et al. 2018 Sci. Adv.; Barlett & Gates
1967 Ecology)

Sampling strategy Spatial locations were selected based on terrain slope (>2.5%) to focus analyses on topographically complex landscapes where
shading effects are biologically relevant. Sample sizes were determined by the number of qualifying landscape locations rather than
by a priori power calculations.

Data collection These data were simulated using biophysical models.

Timing and spatial scale  Simulations were conducted for contemporary conditions and a future climate period (2081-2100) using downscaled climate
projections. Spatial extent ranged from regional (southern California and the southern Appalachians) to continental (North America),

with simulations performed at 30-arcsecond resolution and aggregated temporally from hourly predictions to annual values.
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Reproducibility All simulations and analyses are fully reproducible. Model code and input datasets are archived in a public repository
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assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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