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facilitators to better understand how their ability to buffer abiotic conditions, promote
heterogeneity, and enhance connectivity could shape beneficiaries’ response to climate
change at multiple scales. We additionally suggest tools and methods for enhanced
incorporation of facilitators into models of species response, centered around the inte-
gration of facilitator-moderated microclimates and species responses with the goal of
better defining the scenarios under which facilitators could mitigate the effects of cli-
mate change. As climates continue to change, the consequences of microclimate mod-
eration at local and landscape scales will become increasingly important to predict,
understand, and manage biodiversity response.
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Introduction

Just as we appreciate the shade of a tree on a hot day, the importance of small-scale
climatic modification experienced by organisms — microclimates — is becoming more
appreciated as essential to predicting species responses’ to climate change (Maclean and
Early 2023). Microclimates, the atmospheric conditions near the earth’s surface shaped
by abiotic (e.g. topographic) and biotic drivers (e.g. vegetation) (Geiger 1950), define
the conditions such as temperature, vapor pressure deficit (VPD), solar radiation, and
soil water availability experienced by organisms. Despite great progress in the study of
microclimates over the past several decades (Bramer et al. 2018), the focus remains on
abiotic microclimates. Microclimates moderated by vegetation are largely overlooked

NORDIC SOCIETY OIKOS

) ) © 2023 Nordic Society Oikos. Published by John Wiley & Sons Ltd
www.oikosjournal.org

Page 1 of 10


https://doi.org/10.1111/oik.10241
http://orcid.org/0000-0001-5592-9165
http://orcid.org/0000-0002-5357-0176
mailto:laurel.brigham@colorado.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Foik.10241&domain=pdf&date_stamp=2023-11-22

despite their demonstrated importance and prevalence across
the landscape (Suggitt et al. 2011, De Frenne et al. 2021,
English and Wright 2021).

Microclimate moderation by vegetation is a key facet of
facilitation. Facilitation is a positive interaction which results
in enhanced performance of the beneficiary without harming
the facilitator (Bertness and Callaway 1994). We focus here
on direct facilitative effects where the facilitator ameliorates
abiotic conditions for the beneficiary. Facilitators can act as
an individual (e.g. a cushion plant) (Reid et al. 2010) or as
an aggregated unit (e.g. a forest or grassland) (Liancourt and
Dolezal 2020, Aguirre et al. 2021, Bernath-Plaisted et al.
2023), making them globally widespread.

The role of facilitation via microclimate moderation can
influence the effects of climate change. The effects of facili-
tators on the microclimate vary temporally as the facilitator
responds to climate change, both from a trait perspective and
from a range perspective (Myers-Smith et al. 2011). As the
effects of facilitators may be enhanced or degraded by climate
change, understanding the role of facilitators in moderating
climate change is paramount.

Perhaps most importantly, facilitators can act at a range of
scales (Forey et al. 2009). At the biological scale of the organ-
ism, well-documented facilitative effects foster the survival and
growth of particular species (Brooker et al. 2008), reducing
their vulnerability to climate change (De Frenne et al. 2013,
Wright et al. 2015). Scaled up, facilitative effects can result in
greater environmental heterogeneity and landscape connectiv-
ity with consequences for species’ responses to climate change
(Sanczuk et al. 2023). Biotically-driven environmental het-
erogeneity is shaped by the variability in vegetation structure,
composition, and arrangement (Stein and Kreft 2015) while
landscape connectivity is defined by the number and arrange-
ment of habitat patches (Forman 1995). Environmental
heterogeneity and landscape connectivity could promote an
array of microclimates experiencing moderated effects of cli-
mate change, enhancing the survival of beneficiaries through
increased population persistence within the current range and
hastened range shifts or expansions, respectively (Fig. 1a).

To promote further study of the role that facilitators may
play under climate change, we highlight three related effects
of facilitators: 1) they can ameliorate the abiotic environment;
2) they can foster asynchronous population response to stress-
ors by adding to the heterogeneity of microclimates across a
landscape; and 3) they can foster species migration and move-
ment by forming connected networks of similar, buffered
microclimates. We discuss the importance of facilitators across
these scales (Table 1), provide an overview of how facilitator
research has incorporated effects under climate change to
date, and suggest tools and methods for progressing the field.

Microclimates mitigate the effects of
climate change via facilitation

Including the role of facilitation in a species’ response to cli-
mate change may alter predictions based on macroclimate
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or topographic microclimates alone (Lenoir et al. 2017,
Haesen et al. 2023). The importance of facilitation under
climate change depends on the match between the type of
stressors facing the associated taxa and the type of stressors
ameliorated, the magnitude and type of change offered by
the facilitator, and the response of the facilitator to climate
change.

Climatic match and magnitude of change

For a facilitator to moderate the effects of climate change for
a focal organism, the relevant drivers in the relevant direction
and magnitude must be affected. For example, forests have
been found to decrease mean and maximum temperatures
at a magnitude greater than that of global warming over the
past century (De Frenne et al. 2019). Additionally, forests
increased minimum temperatures, demonstrating decreased
variance found under the forest canopy (De Frenne et al.
2019). This thermal amelioration has protected understory
species acclimated to cooler temperatures from being replaced
by species with a higher thermal optimum (De Frenne et al.
2013, Bhatta and Vetaas 2016). Microclimates can addi-
tionally be decoupled from the macroclimate (Fig. 2). For
example, the microclimate experienced by the beneficiary is
completely decoupled from climate change when a facilita-
tor provides the same baseline climatic conditions (e.g. maxi-
mum daily temperature or VPD) despite continued climate
change (Lenoir et al. 2017).

As organisms are exposed to multiple, often interacting,
climate change drivers, facilitator-moderated microclimates
may offer amelioration that is unique or of even greater magni-
tude than that provided by abiotically-driven microclimates.
For example, global warming, in addition to increasing tem-
peratures, can increase VPD (Dannenberg et al. 2022); plant
mortality can be increased by exposure to extended periods at
high VPD conditions (Will et al. 2013). However, facilitators
can moderate temperatures and VPD through both biologi-
cal (e.g. evaporative cooling via transpiration) and physical
means (e.g. shading) making them uniquely poised to miti-
gate the effects of climate change.

Importantly, facilitators are able to not only moderate mean
conditions but also extremes, from an hourly (Jucker et al.
2018, Sotomayor and Drezner 2019) to a seasonal basis
(Myers-Smith and Hik 2013, Frey et al. 2016). For instance,
during record high summer temperatures in the southern
Sierra Nevada and San Bernadino Mountains, California
spotted owls Strix occidentalis occidentalis preferentially
roosted in cooler microclimates offered by denser forests with
taller canopies (McGinn et al. 2023). These findings highlight
the role that facilitators can play under extreme conditions,
which is critical as extreme climate events are predicted to
increase in frequency and intensity (Diffenbaugh et al. 2017,
Ummenhofer and Meehl 2017). Because extreme conditions
generally have a greater impact on survival and distribution
than climatic means (Zimmermann et al. 2009), the buffer-
ing capacity of microclimates may play an important role in
species” responses to climate change.
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Figure 1. Examples of facilitators and the spatial arrangements likely to mitigate the effect of climate change on associated species.
Heterogeneity is provided by a variety of patch types and structures while connectivity is enhanced by stepping-stones and corridors (a).
Facilitators can shape a species response to climate change through facilitation, where the drivers of climate change (e.g. warmer tempera-
tures) are moderated and potentially decoupled from the macroclimate and when scaled up, there are implications for environmental het-
erogeneity (b) and connectivity (c). Heterogeneity (b): the focal species responds to climate change differently in the different microclimates
(tree, shrub, grassland), decreasing synchrony and increasing population persistence. Heterogeneity allows for the additional scenario where
a focal species shifts its habitat preference to track its climatic niche under climate change (e.g. associating with the shrub and tree in the
second panel as conditions in the grassland are no longer viable, and solely the tree in the third panel). Connectivity (c): the shrub acts as a
stepping-stone, facilitating the range shift of the focal species into zones which are not currently suitable but will become suitable for the
focal species under future climate change. Corridors would function similarly to enhance the rate of species movement in the face of climate

change.

The facilitator’s response to climate change

Because facilitators are living organisms, they can also
amplify negative effects of climate change. For instance,
previous research shows that when the limitation of a
resource stressor (e.g. water availability) is exacerbated by
climate change, association with a facilitator may no lon-
ger be beneficial as competitive dynamics start to dominate
(Maestre et al. 2009, Michalet et al. 2014a, Butterfield et al.
2016). Whether the overall effect of the facilitator shifts to
become competitive can depend on the other benefits pro-
vided by the facilitator. For example, the benefits of shade
provided by a canopy-forming species (e.g. windbreak,

lower air and soil temperatures, lower solar radiation;
Filazzola and Lortie 2014) may outweigh the increase in
water competition (Chaieb et al. 2021). While it has been
suggested that the transition from facilitation to competi-
tion under drought stress may be less likely when facilitators
are woody species with a defined canopy, the performance
of a focal species, Poa secunda, was higher in diverse and
productive herbaceous communities under drought condi-
tions due to the ameliorating effect of vegetation on VPD
(Aguirre et al. 2021). This suggests that facilitators exhibit-
ing a range of traits may provide microclimate amelioration
even under climate change which results in limitation of a
resource Stressor.
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Table 1. Directions for future research. Improving our understanding
of the role that facilitators play in mitigating climate change depends
on research in several key areas

1. Methods for identifying the most important facilitators so they
can be incorporated into conservation and restoration
applications, including an understanding of the differences
amongst growth forms
e Synthesis of the particular benefits and resiliency provided by

different facilitator growth forms
¢ Development of a workflow for determining the most
promising facilitators across an area of interest

2. The impact of facilitators on local population dynamics under
climate change
¢ Develop models based on biological data collected with a

consideration of relevant facilitators

3. The effect of facilitators on predictions of species’ distributions
under climate change, including the role of facilitators in
promoting local climatic niche tracking under climate change
¢ Through modelling and empirical work, test hypotheses

regarding the role of facilitators in local species movement
e Incorporate facilitator-moderated microclimates into models
predicting species range responses to climate change
e Develop models and empirically test the effect of facilitators
on invasive, non-native species expansion

If the stressor being exacerbated by climate change is non-
resource (e.g. temperature, wind) then the facilitator should
continue to benefit the focal species because the stressor
changing is not one for which the facilitator and the focal
species are competing. In fact, provided the facilitator does
not experience degradation as a result of the shifting climate
(i.e. a morphological change which decreases its capacity to
offer a microclimate, Jones et al. 2010), then climate change
should increase the potential for amelioration of those stress-
ors if greater decoupling between the facilitator’s microcli-
mate and the macroclimate occurs (Michalet et al. 2014b).
Loss or degradation of the microclimate through declines in
the facilitator (e.g. as a response to climate change or land use
change) could result in sudden increases in exposure, declines
in microclimate heterogeneity, and negative consequences
for associated taxa (Ellison et al. 2005, Thomsen et al. 2010,
Hoffman et al. 2016). That being said, there are facilitators
that are resilient to damage and which can have high eco-
logical function following a relatively short recovery (e.g. a
native shrub after aboveground damage; Lortie et al. 2018) as
well as facilitators that can have beneficial effects after dying
(e.g. juniper forests following drought mortality; Kane et al.
2011). Understanding the resiliency of facilitators and the
range of benefits offered by different growth forms is impor-
tant for predicting their effects on beneficiaries in the face of
stressors (Table 1, Action 1).

Landscape-scale effects of facilitation

Microclimate heterogeneity increases population
persistence

Sources of biotically-driven environmental heterogeneity
can include land cover (e.g. the diversity and arrangement of
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Figure 2. Facilitator-moderated microclimates have the capacity to
mitigate the rate of climate change by promoting conditions decou-
pled from the macroclimate (a). If the facilitator performs well
under climate change (e.g. the patch of grassland becomes denser
with increasing carbon dioxide), its microclimate may respond by
becoming increasingly decoupled from the macroclimate (b). If the
facilitator is degraded by climate change (e.g. a tree sheds half its
branches under drought stress), its microclimate may become
increasingly coupled with the macroclimate (c). A tightly coupled
micro- and macroclimate will result in a similar rate of change
(though these conditions may be buffered) while decoupling will
promote conditions which slow the rate of climate change.

patch types) and vegetation structure or composition (e.g. the
vertical profile of a forest) (Stein et al. 2014). For example,
a homogenous grassland of uniform height will have lower
environmental heterogeneity than a savannah that is a mosaic

d ‘8 ¥TOT *90L0009T

mofosuy/:sdy woxy

9SULOI'T suowwo)) dAnear)) dqesridde oy £q pauraA0S a1 SAONIR Y 9SN JO SANI 10J AIRIQIT AUIUQ AJ[TA| UO (SUOHIPUOI-PUB-SULIA)/WO0I" KA[1M ATRIQI[OUI[UO,/:sAY]) SUONIPUO)) PUE SWLIS [ 9} 938 “[$70T/11/81] U0 AreIqr suruQ AS[IA ‘LIEIQIT OpeIo[o)) JO ANSIOATUN Aq [$T0 1 NI0/1 T 11°01/10p/W0d"K[IM A:



of trees and grassland from the perspective of both patch
diversity and structural diversity. The heterogeneity created
by facilitators and the microclimates they promote have
implications for metapopulation dynamics and local species
movement under climate change (Fig. 1b).

Heterogeneity provided by facilitators can increase meta-
population persistence in the face of climatic extremes. For
instance, the bush cricket Metrioptera bicolor, experienced
increased survival in patches of tall grass relative to short grass
during a severe drought (Kindvall 1995), likely as a result of a
lower VPD, lower air temperatures, and lower solar radiation
offered by a denser canopy. Asynchronous responses of local
populations to environmental perturbations due to differ-
ences in the presence or structure of facilitators could reduce
the extinction risk of the metapopulation (Gilpin and Hanski
1991), particularly in the face of extreme events where micro-
climates (including patches and interstitial space) respond at
different rates and magnitudes and thereby decrease envi-
ronmental synchrony (Moran 1953, Hansen et al. 2020).
Despite this important possibility, few studies have tested
how heterogeneity provided by facilitator-moderated micro-
climates alter population dynamics under climate change
(Table 1, Action 2).

Population persistence will also be buoyed by hetero-
geneity if there are a variety of microclimates available for
colonizing as habitat preferences change (Davies et al. 20006,
Suggitt et al. 2012). For example, while the population
dynamics of M. bicolor were only assessed in tall and short
grass habitats, the author noted the crickets were also found
at the edge of nearby pine forest during the drought, a loca-
tion typically unsuitable for this species (Kindvall 1995).
Hence, heterogeneity in the types of available microclimates,
which can be increased by the presence of facilitators (par-
ticularly a variety of facilitators), could be important for pro-
tecting populations from climate change because they buffer
populations from extreme events under temporary changes
in habitat preference and/or from directional climate change
under long-term changes in habitat preference. While the
role of abiotically-driven microclimates in facilitating more
local, lateral climatic niche tracking under climate change
has been explored theoretically (Graae et al. 2018), modeled
(Luoto and Heikkinen 2008, Stark and Fridley 2022), and
to a limited extent tested empirically (Suggitt et al. 2018,
Virkkala et al. 2020), the role that local facilitator-moderated
microclimates might play in buffering climate change is still
unclear but highly plausible (Anthelme et al. 2014, Kim et al.
2022) (Table 1, Action 3).

Connectivity enables population expansion

If a species' response to climate change includes a range shift
or expansion, then facilitators could increase the velocity of
this shift by enhancing connectivity (Fig. 1¢). Landscape con-
nectivity can be promoted by corridors and stepping-stones,
both of which can facilitate the movement of a species from
its current to its predicted range in the face of climate change
(Keeley et al. 2018). Corridors are large, continuous patches

of vegetation while stepping-stones are smaller patches scat-
tered across the landscape at distances relevant to the organ-
ism’s dispersal capabilities (Forman 1995). Landscape ecology
and conservation ecology have a rich history of considering
the role that habitat patches, often defined by facilitators and
the microclimatic amelioration they offer, play in shaping
migration scenarios.

By directly incorporating information about microcli-
mates and various scenarios of coupling and decoupling
from future climate change, the presence of important cor-
ridors and stepping-stones could be elucidated and may pro-
vide additional pathways for intervention and management.
To track their climatic niche, species may shift their range
through establishment in new suitable habitat (Chen et al.
2011). However, if the velocity of climate change (sensu
Loarie et al. 2009) exceeds the speed of a species range shift,
the species will not be able to shift their range fast enough
to escape detrimental effects of climate change (Nathan et al.
2011). Facilitator-moderated microclimates may alleviate
some of the challenges of range shifts by providing acces-
sible microsites of suitable abiotic conditions. Corridors and
stepping-stones with suitable microclimates can increase the
velocity of range shifts by providing suitable habitat outside
the current range of the species (Lembrechts et al. 2017). For
example, the shrub Rhododendron rupicola enhanced the sur-
vival and growth rates of two treeline species (Larix potaninii
and Picea likiangensis) beyond the current treeline, likely in
part by buffering temperatures and increasing soil moisture
(Chen et al. 2020). The inclusion of facilitator-moderated
microclimates into predictions of species’ distributions under
climate change is key to more accurately predicting the
required magnitude of species movement (Table 1, Action 3).

In addition to the microclimatic effects of facilitators
which benefit associated species, the physical structure of
some facilitators can contribute to connectivity (Filazzola
and Lortie 2014). For example, greater seedbank density and
diversity was discovered in the center and upslope edge of a
leguminous cushion plant Onobrychis cornuta in a degraded
subalpine grassland (Niknam et al. 2018). Similarly, seed
deposition of two dwarf shrubs was several-fold greater
next to allospecific shrubs compared to nearby short grass
(Bullock and Moy 2004). In addition to trapping seeds that
are dispersed by wind or surface water flow, facilitators can
enhance seed deposition by acting as a perching site for birds
(Debussche and Isenmann 1994).

It is important to take a species-specific approach when
determining the effects of facilitators on increased connec-
tivity between currently suitable habitat (Raath-Kriiger et al.
2019). First, the microclimates must be accessible given
the migrator’s dispersal capabilities (Hodgson et al. 2009).
Second, for those species that reproduce by seed, the require-
ments of the seedlingneed to be taken into consideration
(Walck et al. 2011). Third, provided a focal species can reach
a facilitator, it will also be important to consider novel spe-
cies interactions, which could exclude the focal species from
establishing (HilleRislambers et al. 2013, Alexander et al.
2015, Losapio et al. 2021). Hence, for upward or poleward
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movement of species to be successful, the benefits of niche
expansion must exceed the detrimental effects of greater
niche overlap with potential competitors in the new areas
(Bulleri et al. 2016).

Material and methods

Methods for understanding the role of facilitators have
largely relied on observational or experimental data from the
field, without the use of loggers for measuring the microcli-
mate. For example, long-term observations have been used
to assess how facilitators enhance species persistence under
climate change via habitat amelioration, increased hetero-
geneity, or increased connectivity (De Frenne et al. 2013,
Bhatta and Vetaas 2016, Kim et al. 2022). Seed and trans-
plant experiments (Batllori et al. 2009, Greiser et al. 2021),
as well as correlative studies which measure seedling associa-
tion (Akhalkatsi et al. 2006, Bonanomi et al. 2021), have
been used to determine whether facilitators foster uphill or
poleward migration. These approaches are valuable because
they demonstrate the importance of facilitators, but an
explicit consideration of the microclimate will improve our
mechanistic understanding as well as allow us to project these
impacts into the future.

On the other hand, detailed microclimate measurements
are often collected without the incorporation of species data.
For example, an intensively logged forest with smaller canopy
heights and lower canopy density had higher temperature and
VPD extremes compared to old growth forests and less inten-
sively logged forests, indicating a lower capacity to buffer a
focal species from climate change (Jucker et al. 2018). This
information suggests that old growth forests will be superior
in buffering a species from climate change in situ and will act
as better corridors for range shifts compared to intensively
logged forests. While logger arrays can enable the description
of microclimate heterogeneity and unveil the potential for
localized or larger-scale species movement in response to cli-
mate change, the incorporation of species data enables more
specific predictions.

While measuring facilitator effects on species and facili-
tator-moderated microclimates on their own can allow for
development of restoration and conversation priorities, the
intersection of observational and experimental data with
microclimate measurements would be powerful for enhanc-
ing our understanding of species’ responses to climate change.

Integration of species responses and facilitator-
moderated microclimates

Microclimate data can be combined with occurrence, physio-
logical, and demographic data to predict species’ responses to
climate change. When endeavoring to understand the poten-
tial need for a range shift or expansion, species distributions
models (SDM) are a commonly used tool. These models, also
called environmental niche models, use occurrence data (or
presence—absence data) paired with environmental data to
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statistically predict suitable habitat and can be additionally
modeled under future conditions to assess the role of climate
change (Elith and Leathwick 2009). Currently, SDMs rarely
use climate data which accounts for the microclimates cre-
ated by facilitators (but see Lenoir et al. 2017, Haesen et al.
2023, Stickley and Fraterrigo 2023).

When there are sufficient biological data on the focal
species, process-explicit range models can enhance pre-
dictions of range dynamics (reviewed by Evans et al. 2016
and Briscoe et al. 2019). For instance, the coupled SDM-
population approach (Keith et al. 2008, Brook et al. 2009,
Franklin et al. 2014) isrelevant for more localized popula-
tion dynamics, providing information on population growth
rate and different demographic parameters across the land-
scape. Demographic studies which capture climate extremes
or variability, and studies with experimental manipulations,
have been occasionally used to determine the role of facilita-
tors in shaping population dynamics under climate change
(Kindvall 1995), but should be more extensively conducted
(Table 1, Action 2). These data could be deliberately col-
lected to include habitats defined by facilitator-moderated
microclimates (Godfree et al. 2011 [for an abiotic microcli-
mate example], Kindvall 1995). Additionally, where physi-
ological tolerances are known, process-explicit range models
which incorporate these data can be used to identify areas
where physiological tolerances of a species are met under
future climate change scenarios (Kearney and Porter 2009,
Buckley et al. 2023, Gong et al. 2023). To our knowledge,
just one study has developed process-explicit range models
that include microclimate data which accounts for facilitator-
moderated microclimates (Table 1, Action 3, Sanczuk et al.
2023).

Microclimate data availability

While it is currently uncommon to incorporate facilitator-
moderated microclimate data into models of ranges, it is
becoming more feasible as the methods and data become
increasingly accessible to researchers (Bramer et al. 2018,
Lembrechts et al. 2019, Zellweger et al. 2019). While the
primary focus has been on characterizing temperatures at
small scales (Haesen et al. 2021), fine-scale predictions of
soil moisture, VPD, and wind are active areas of research
(Bramer et al. 2018). For instance, several sensors can measure
relative humidity in addition to temperature (e.g. DS1923
Hygrochron iButton), providing the opportunity to calculate
fine-scale VPD across a landscape. In addition to statistical
modelling approaches using in situ data, there are mechanis-
tic approaches to estimating a suite of microclimate variables.
There is a mechanistic model, ‘microclimc,” available as an R
software package (www.r-project.org) which estimates tem-
perature, relative humidity, and wind profiles, above, within,
and below a canopy (Maclean and Klinges 2021).

In addition to estimating current microclimates, a key
part of understanding the role of facilitators under cli-
mate change is projecting microclimate conditions into the
future. To move from the current microclimate to the future
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microclimate there are two main approaches at this time: use
the offset between the current microclimate and free-air con-
ditions to determine future buffering (Schooler et al. 2020,
Haesen et al. 2021) or use the slope between the current
microclimate and free-air conditions to determine both the
buffering and decoupling effects of the future microclimate
(Lenoir etal. 2017, Jurgens et al. 2022). Because the relation-
ship between the microclimate and the macroclimate can be
variable on a daily and seasonal basis (e.g. during the leaf-off
and leaf-on period, Gril et al. 2023), incorporating the slope
is preferred and can alter expectations (Lenoir et al. 2017).
The slope can be determined using time-series data, either
measured directly or modelled, or taken from the literature.
It may also be useful to test multiple coupling scenarios as the
strength of coupling may change over time due to alterations
in facilitator quality (e.g. the forest grows or degrades).

Conclusion

We urge researchers to consider the role that facilitator-mod-
erated microclimates could play in shaping species’ responses
to climate change. Because facilitators, and their effect on
microclimates, could be lost or degraded by climate change,
it is important to determine when and where ameliorated or
decoupled effects occur. Due to their large impact on biodi-
versity dynamics across scales, it will be paramount to make a
concerted effort to protect those facilitators from, for exam-
ple, degradation brought on by land use changes. This goal is
made more possible by integrating facilitation at various scales
with recent advances allowing explicit microclimate measure-
ment. High-resolution microclimate data that describes the
microclimate effects of facilitators, as well as abiotic drivers,
will enable researchers to model range dynamics and more
localized population dynamics with greater precision.

Thus, to better understand how facilitators shape local and
regional population dynamics as the climate changes, we sug-
gest developing models and conducting empirical tests that
1) incorporate biological data under the influence of facili-
tators; 2) investigate several microclimate variables; and 3)
test multiple scenarios of future macro- and microclimate
coupling. With these advances we can move closer to under-
standing how to best leverage facilitator-moderated microcli-
mates, in addition to abiotic microclimates, in conservation
and restoration.

Acknowledgements —We thank Nancy Emery, Steve Schmidt, Nichole
Barger, Marko Spasojevic, Katya Jay and Elisa Van Cleemput for
their thoughtful review of the paper.
Funding — Both authors were supported by the National Science
Foundation [grant no. DEB — 1637686 to the Niwot Ridge Long
Term Ecological Research program].

Author contributions

Laurel M. Brigham: Conceptualization (lead); Writing —
original draft (lead); Writing — review and editing (equal).

Katharine N. Suding: Conceptualization (supporting);
Writing — review and editing (equal).

Data availability statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

References

Aguirre, B. A., Hsich, B., Watson, S. J. and Wright, A. J. 2021.
The experimental manipulation of atmospheric drought: teas-
ing out the role of microclimate in biodiversity experiments.
—J. Ecol. 109: 1986-1999.

Akhalkatsi, M., Abdaladze, O., Nakhutsrishvili, G. and Smith, W.
K. 2006. Facilitation of seedling microsites by Rhododendron
caucasicum extends the Betula litwinowii alpine treeline, Cau-
casus Mountains, Republic of Georgia. — Arct. Antarct. Alp.
Res. 38: 481-488.

Alexander, J. M., Diez, J. M. and Levine, J. M. 2015. Novel com-
petitors shape species’ responses to climate change. — Nature
525: 515-518.

Anthelme, F, Cavieres, L. A. and Dangles, O. 2014. Facilitation
among plants in alpine environments in the face of climate
change. — Front. Plant Sci. 5: 387.

Batllori, E., Camarero, J. J., Ninot, J. M. and Gutiérrez, E. 2009.
Seedling recruitment, survival and facilitation in alpine Pinus
uncinata tree line ecotones. Implications and potential responses
to climate warming. — Global Ecol. Biogeogr. 18: 460—472.

Bernath-Plaisted, J. S., Ribic, C. A., Hills, W. B., Townsend, P. A.
and Zuckerberg, B. 2023. Microclimate complexity in temper-
ate grasslands: implications for conservation and management
under climate change. — Environ. Res. Lett. 18: 064023.

Bertness, M. D. and Callaway, R. 1994. Positive interactions in
communities. — Trends Ecol. Evol. 9: 191-193.

Bhatta, K. P and Vetaas, O. R. 2016. Does tree canopy closure
moderate the effect of climate warming on plant species com-
position of temperate Himalayan oak forest? — J. Veg. Sci. 27:
948-957.

Bonanomi, G., Mogavero, V., Rita, A., Zotti, M., Saulino, L., Tesei,
G., Allegrezza, M., Saracino, A., Rossi, S. and Allevato, E. 2021.
Shrub facilitation promotes advancing of the Fagus sylvatica
treeline across the Apennines (Italy). — J. Veg. Sci. 32: €13054.

Bramer, I. et al. 2018. Advances in monitoring and modelling cli-
mate at ecologically relevant scales. — Adv. Ecol. Res. 58:
101-161.

Briscoe, N. J., Elith, J., Salguero-Gémez, R., Lahoz-Monfort, J. J.,
Camag, ]. S., Giljohann, K. M., Holden, M. H., Hradsky, B.
A., Kearney, M. R., McMahon, S. M., Phillips, B. L., Regan,
T.J., Rhodes, J. R., Vesk, P. A., Wintle, B. A., Yen, J. D. L. and
Guillera-Arroita, G. 2019. Forecasting species range dynamics
with process-explicit models: matching methods to applica-
tions. — Ecol. Lett. 22: 1940-1956.

Brook, B. W., Ak(;akaya, H. R, Keith, D. A., Mace, G. M., Pearson,
R. G. and Aratjo, M. B. 2009. Integrating bioclimate with
population models to improve forecasts of species extinctions
under climate change. — Biol. Lett. 5: 723-725.

Brooker, R. W. et al. 2008. Facilitation in plant communities: the
past, the present, and the future. — J. Ecol. 96: 18-34.

Buckley, L. B., Briones Ortiz, B. A., Caruso, L., John, A., Levy, O.,
Meyer, A. V., Riddell, E. A., Sakairi, Y. and Simonis, ]J. L. 2023.

Page 7 of 10

d ‘8 ¥TOT *90L0009T

:sdny woyy

molosu,

9SULOI'T suowwo)) dAnear)) dqesridde oy £q pauraA0S a1 SAONIR Y 9SN JO SANI 10J AIRIQIT AUIUQ AJ[TA| UO (SUOHIPUOI-PUB-SULIA)/WO0I" KA[1M ATRIQI[OUI[UO,/:sAY]) SUONIPUO)) PUE SWLIS [ 9} 938 “[$70T/11/81] U0 AreIqr suruQ AS[IA ‘LIEIQIT OpeIo[o)) JO ANSIOATUN Aq [$T0 1 NI0/1 T 11°01/10p/W0d"K[IM A:



TrenchR : an R package for modular and accessible microcli-
mate and biophysical ecology. — PLoS Clim. 2: ¢€0000139.
Bulleri, E, Bruno, J. E, Silliman, B. R. and Stachowicz, J. J. 2016.
Facilitation and the niche: implications for coexistence, range

shifts and ecosystem functioning. — Funct. Ecol. 30: 70-78.

Bullock, J. M. and Moy, I. L. 2004. Plants as seed traps: inter-
specific interference with dispersal. — Acta Oecol. 25: 35-41.

Butterfield, B. J., Bradford, J. B., Armas, C., Prieto, I. and Pugnaire,
E L. 2016. Does the stress-gradient hypothesis hold water? Dis-
entangling spatial and temporal variation in plant effects on soil
moisture in dryland systems. — Funct. Ecol. 30: 10-19.

Chaieb, G., Wang, X., Abdelly, C. and Michalet, R. 2021. Shift
from short-term competition to facilitation with drought stress
is due to a decrease in long-term facilitation. — Oikos 130:
29-40.

Chen, 1. C., Hill, J. K., Ohlemiiller, R., Roy, D. B. and Thomas,
C. D. 2011. Rapid range shifts of species associated with high
levels of climate warming. — Science 333: 1024-1026.

Chen, J., Yang, Y., Wang, S., Sun, H. and Schéb, C. 2020. Shrub
facilitation promotes selective tree establishment beyond the
climatic treeline. — Sci. Total Environ. 708: 134618.

Dannenberg, M. P, Yan, D., Barnes, M. L., Smith, W. K., John-
ston, M. R., Scott, R. L., Biederman, J. A., Knowles, J. E,
Wang, X., Duman, T., Litvak, M. E., Kimball, J. S., Williams,
A. P and Zhang, Y. 2022. Exceptional heat and atmospheric
dryness amplified losses of primary production during the 2020
U.S. Southwest hot drought. — Global Change Biol. 28:
4794-4800.

Davies, Z. G., Wilson, R. J., Coles, S. and Thomas, C. D. 2006.
Changing habitat associations of a thermally constrained spe-
cies, the silver-spotted skipper butterfly, in response to climate
warming. — J. Anim. Ecol. 75: 247-256.

De Frenne, P. et al. 2013. Microclimate moderates plant responses
to macroclimate warming. — Proc. Natl Acad. Sci. USA 110:
18561-18565.

De Frenne, P, Zellweger, E, Rodriguez-Sénchez, E, Scheffers, B.
R., Hylander, K., Luoto, M., Vellend, M., Verheyen, K. and
Lenoir, J. 2019. Global buffering of temperatures under forest
canopies. — Nat. Ecol. Evol. 3: 744-749.

De Frenne, P. et al. 2021. Forest microclimates and climate change:
importance, drivers and future research agenda. — Global
Change Biol. 27: 2279-2297.

Debussche, M. and Isenmann, P. 1994. Bird-dispersed seed rain
and seedling establishment in patchy Mediterranean vegetation.
— Oikos 69: 414-426.

Diffenbaugh, N. S., Singh, D., Mankin, J. S., Horton, D. E,,
Swain, D. L., Touma, D., Charland, A., Liu, Y., Haugen, M.,
Tsiang, M. and Rajaratnam, B. 2017. Quantifying the influence
of global warming on unprecedented extreme climate events.
— Proc. Natl Acad. Sci. USA 114: 4881-4886.

Elith, J. and Leathwick, J. R. 2009. Species distribution models:
ecological explanation and prediction across space and time. —
Annu. Rev. Ecol. Evol. Syst. 40: 677-697.

Ellison, A. M. et al. 2005. Loss of foundation species: consequences
for the structure and dynamics of forested ecosystems. — Front.
Ecol. Environ. 3: 479-486.

English, J. and Wright, A. J. 2021. The effect of urban temperature
gradients on grassland microclimate amelioration in Los Ange-
les, USA. — Appl. Veg. Sci. 24: €12556.

Evans, M. E. K., Merow, C., Record, S., McMahon, S. M. and
Enquist, B. J. 2016. Towards process-based range modeling of
many species. — Trends Ecol. Evol. 31: 860-871.

Page 8 of 10

Filazzola, A. and Lortie, C. J. 2014. A systematic review and con-
ceptual framework for the mechanistic pathways of nurse
plants. — Global Ecol. Biogeogr. 23: 1335-1345.

Forey, E., Lortie, C. J. and Michalet, R. 2009. Spatial patterns of
association at local and regional scales in coastal sand dune
communities. — J. Veg. Sci. 20: 916-925.

Forman, R. T. T. 1995. Some general principles of landscape and
regional ecology. — Landscape Ecol. 10: 133-142

Franklin, J., Regan, H. M. and Syphard, A. D. 2014. Linking spa-
tially explicit species distribution and population models to
plan for the persistence of plant species under global change.
— Environ. Conserv. 41: 97-109.

Frey, S. J. K., Hadley, A. S., Johnson, S. L., Schulze, M., Jones, J. A.
and Betts, M. G. 2016. Spatial models reveal the microclimatic
buffering capacity of old-growth forests. — Sci. Adv. 2: €1501392.

Geiger, R. 1950. The climate near the ground. — Harvard Univ.
Press

Gilpin, M. and Hanski, I. 1991. Metapopulation dynamics: empir-
ical and theoretical investigations. — Academic Press.

Godfree, R., Lepschi, B., Reside, A., Bolger, T., Robertson, B.,
Marshall, D. and Carnegie, M. 2011. Multiscale topoedaphic
heterogeneity increases resilience and resistance of a dominant
grassland species to extreme drought and climate change. —
Global Change Biol. 17: 943-958.

Gong, S., Gao, Y., Duan, H., Ge, Y. and Wei, Y. 2023. Incorporat-
ing physiological data into species distribution models to pre-
dict the potential distribution range of the red-eared slider in
China. — Ecol. Indic. 154: 110749.

Graae, B. J., Vandvik, V., Armbruster, W. S., Eiserhardt, W. L.,
Svenning, J. C., Hylander, K., Ehrlén, J., Speed, J. D. M.,
Klanderud, K., Brathen, K. A., Milbau, A., Opedal, @. H.,
Alsos, 1. G., Ejrnes, R., Bruun, H. H., Birks, H. J. B. H.,
Westergaard, K. B., Birks, H. H. and Lenoir, J. 2018. Stay or
go — how topographic complexity influences alpine plant pop-
ulation and community responses to climate change. — Perspect.
Plant Ecol. Evol. Syst. 30: 41-50.

Greiser, C., Ehrlén, J., Luoto, M., Meineri, E., Merinero, S., Will-
man, B. and Hylander, K. 2021. Warm range margin of boreal
bryophytes and lichens not directly limited by temperatures.
—J. Ecol. 109: 3724-3736.

Gril, E., Spicher, E, Greiser, C., Ashcroft, M. B., Pincebourde, S.,
Durrieu, S., Nicolas, M., Richard, B., Decocq, G., Marrec, R.
and Lenoir, J. 2023. Slope and equilibrium: a parsimonious and
flexible approach to model microclimate. — Methods Ecol. Evol.
14: 885-897.

Hansen, B. B., Grotan, V., Herfindal, I. and Lee, A. M. 2020. The
Moran effect revisited: spatial population synchrony under
global warming. — Ecography 43: 1591-1602.

Haesen, S. et al. 2021. ForestTemp — sub-canopy microclimate
temperatures of European forests. — Global Change Biol. 27:
6307-6319.

Haesen, S., Lenoir, J., Gril, E., De Frenne, P, Lembrechts, J. J.,
Kopecky, M., Macek, M., Wild, J. and Van Meerbeek, K. 2023.
Uncovering the hidden niche: incorporating microclimate tem-
perature into species distribution models. — Ecoevorxiv.

HilleRislambers, J., Harsch, M. A., Ettinger, A. K., Ford, K. R. and
Theobald, E. J. 2013. How will biotic interactions influence
climate change — induced range shifts? — Ann. N. Y. Acad. Sci.
1297: 112-125.

Hodgson, J. A., Thomas, C. D., Wintle, B. A. and Moilanen, A.
2009. Climate change, connectivity and conservation decision

making: back to basics. — J. Appl. Ecol. 46: 964-969.

d ‘8 ¥TOT *90L0009T

:sdny woyy

molosu,

9SULOI'T suowwo)) dAnear)) dqesridde oy £q pauraA0S a1 SAONIR Y 9SN JO SANI 10J AIRIQIT AUIUQ AJ[TA| UO (SUOHIPUOI-PUB-SULIA)/WO0I" KA[1M ATRIQI[OUI[UO,/:sAY]) SUONIPUO)) PUE SWLIS [ 9} 938 “[$70T/11/81] U0 AreIqr suruQ AS[IA ‘LIEIQIT OpeIo[o)) JO ANSIOATUN Aq [$T0 1 NI0/1 T 11°01/10p/W0d"K[IM A:



Hoffman, O., de Falco, N., Yizhaq, H. and Bocken, B. 2016.
Annual plant diversity decreases across scales following wide-
spread ecosystem engineer shrub mortality. — J. Veg. Sci. 27:
578-586.

Jones, C. G., Gutiérrez, J. L., Byers, J. E., Crooks, J. A., Lambrinos,
J. G. and Talley, T. S. 2010. A framework for understanding
physical ecosystem engineering by organisms. — Oikos 119:
1862-1869.

Jucker, T., Hardwick, S. R., Both, S., Elias, D. M. O., Ewers, R.
M., Milodowski, D. T., Swinfield, T. and Coomes, D. A. 2018.
Canopy structure and topography jointly constrain the micro-
climate of human — modified tropical landscapes. — Global
Change Biol. 24: 5243-5258.

Jurgens, L. J., Ashlock, L. W. and Gaylord, B. 2022. Facilitation
alters climate change risk on rocky shores. — Ecology 103:
€03596.

Kane, J. M., Meinhardt, K. A., Chang, T., Cardall, B. L., Michalet,
R. and Whitham, T. G. 2011. Drought-induced mortality of a
foundation species (Juniperus monosperma) promotes positive
afterlife effects in understory vegetation. — Plant Ecol. 212:
733-741.

Kearney, M. and Porter, W. 2009. Mechanistic niche modelling:
combining physiological and spatial data to predict species’
ranges. — Ecol. Lett. 12: 334-350.

Keeley, A. T. H., Ackerly, D. D., Cameron, D. R., Heller, N. E.,
Huber, P. R., Schloss, C. A., Thorne, J. H. and Merenlender,
A. M. 2018. New concepts, models, and assessments of climate-
wise connectivity. — Environ. Res. Lett. 13: 073002.

Keith, D. A., Ak¢akaya, H. R., Thuiller, W., Midgley, G. E, Pear-
son, R. G., Phillips, S. J., Regan, H. M., Aratjo, M. B. and
Rebelo, T. G. 2008. Predicting extinction risks under climate
change: coupling stochastic population models with dynamic
bioclimatic habitat models. — Biol. Lett. 4: 560-563.

Kim, H., McComb, B. C., Frey, S. J. K., Bell, D. M. and Betts,
M. G. 2022. Forest microclimate and composition mediate
long-term trends of breeding bird populations. — Global Change
Biol. 28: 6180-6193.

Kindvall, O. 1995. The impact of extreme weather on habitat pref-
erence and survival in a metapopulation of the bush cricket
Metrioptera bicolor in Sweden. — Biol. Conserv. 73: 51-58.

Lembrechts, J. J., Lenoir, J., Nufez, M. A., Pauchard, A., Geron,
C., Buss¢, G., Milbau, A. and Nijs, I. 2017. Microclimate
variability in alpine ecosystems as stepping stones for non-
native plant establishment above their current elevational limit.
— Ecography 41: 900-909.

Lembrechts, J. J., Nijs, I. and Lenoir, J. 2019. Incorporating micro-
climate into species distribution models. — Ecography 42:
1267-1279.

Lenoir, J., Hattab, T. and Pierre, G. 2017. Climatic microrefugia
under anthropogenic climate change: implications for species
redistribution. — Ecography 40: 253-266.

Liancourt, P. and Dolezal, J. 2020. Community-scale effects and
strain: facilitation beyond conspicuous patterns. — J. Ecol. 109:
19-25.

Loarie, S. R., Duffy, P B., Hamilton, H., Asner, G. P, Field, C. B.
and Ackerly, D. D. 2009. The velocity of climate change. —
Nature 462: 1052-1055.

Lortie, C. J., Gruber, E., Filazzola, A., Noble, T. and Westphal, M.
2018. The Groot effect: plant facilitation and desert shrub
regrowth following extensive damage. — Ecol. Evol. 8: 706-715.

Losapio, G., Schéb, C., Staniczenko, P. P A., Carrara, F., Palamara,
G. M., De Moraes, C. M., Mescher, M. C., Brooker, R. W.,

Butterfield, B. J., Callaway, R. M., Cavieres, L. A., Kikvidze,
Z., Lortie, C. ]J., Michalet, R., Pugnaire, E 1. and Bascompte,
J. 2021. Network motifs involving both competition and facil-
itation predict biodiversity in alpine plant communities. — Proc.
Natl Acad. Sci. USA 118: €2005759118.

Luoto, M. and Heikkinen, R. K. 2008. Disregarding topographical
heterogeneity biases species turnover assessments based on bio-
climatic models. — Global Change Biol. 14: 483-494.

Maclean, I. M. D. and Klinges, H. 2021. Microclime: a mechanis-
tic model of above, below and within-canopy microclimate. —
Ecol. Model. 451: 109567.

Maclean, 1. and Early, R. 2023. Macroclimate data over-estimate
species range shifts in response to climate change. — Nat. Clim.
Change. 13: 484-490.

Maestre, E T., Callaway, R. M., Valladares, F. and Lortie, C. J.
2009. Refining the stress-gradient hypothesis for competition
and facilitation in plant communities. — J. Ecol. 97: 199-205.

McGinn, K. A., Peery, M. Z., Zulla, C. J., Berigan, W. J., Wilkin-
son, Z. A., Barry, J. M., Keane, J. J. and Zuckerberg, B. 2023.
A climate-vulnerable species uses cooler forest microclimates
during heat waves. — Biol. Conserv. 283: 110132.

Michalet, R., Le Bagousse-Pinguet, Y., Maalouf, J. P. and Lortie,
C. J. 2014a. Two alternatives to the stress-gradient hypothesis
at the edge of life: the collapse of facilitation and the switch
from facilitation to competition. — J. Veg. Sci. 25: 609-613.

Michalet, R., Schéb, C., Lortie, C. J., Brooker, R. W. and Callaway,
R. M. 2014b. Partitioning net interactions among plants along
altitudinal gradients to study community responses to climate
change. — Funct. Ecol. 28: 75-86.

Moran, P A. 1953. The statistical analysis of the Canadian lynx
cycle. II. Synchronization and meteorology. — Aust. J. Zool. 1:
291-298.

Myers-Smith, I. H. et al. 2011. Shrub expansion in tundra ecosys-
tems: dynamics, impacts and research priorities. — Environ. Res.
Lett. 6: 0455009.

Mpyers-Smith, I. H. and Hik, D. S. 2013. Shrub canopies influence
soil temperatures but not nutrient dynamics: an experimental
test of tundra snow-shrub interactions. — Ecol. Evol. 3:
3683-3700.

Nathan, R., Horvitz, N., He, Y., Kuparinen, A., Schurr, E. M. and
Katul, G. G. 2011. Spread of North American wind-dispersed
trees in future environments. — Ecol. Lett. 14: 211-219.

Niknam, P, Erfanzadeh, R., Ghelichnia, H. and Cerda, A. 2018.
Spatial variation of soil seed bank under cushion plants in a
subalpine degraded grassland. — Land Degrad. Dev. 29: 4-14.

Raath-Kriiger, M. J., McGeoch, M. A., Schéb, C., Greve, M. and
le Roux, P C. 2019. Positive plant—plant interactions expand
the upper distributional limits of some vascular plant species.
— Ecosphere 10: ¢02820.

Reid, A. M., Lamarque, L. J. and Lortie, C. J. 2010. A systematic
review of the recent ecological literature on cushion plants:
champions of plant facilitation. — Web Ecol. 10: 44-49.

Sanczuk, P. et al. 2023. Microclimate and forest density drive plant
population dynamics under climate change. — Nat. Clim.
Change 13: 840-847.

Schooler, S. L., Johnson, M. D., Njoroge, P. and Bean, W. T.
2020. Shade trees preserve avian insectivore biodiversity on
coffee farms in a warming climate. — Ecol. Evol. 10:
12960-12972.

Sotomayor, D. A. and Drezner, T. D. 2019. Dominant plants alter
the microclimate along a fog gradient in the Atacama Desert.
— Plant Ecol. 220: 417-432.

Page 9 of 10

d ‘8 ¥TOT *90L0009T

:sdny woyy

molosu,

9SULOI'T suowwo)) dAnear)) dqesridde oy £q pauraA0S a1 SAONIR Y 9SN JO SANI 10J AIRIQIT AUIUQ AJ[TA| UO (SUOHIPUOI-PUB-SULIA)/WO0I" KA[1M ATRIQI[OUI[UO,/:sAY]) SUONIPUO)) PUE SWLIS [ 9} 938 “[$70T/11/81] U0 AreIqr suruQ AS[IA ‘LIEIQIT OpeIo[o)) JO ANSIOATUN Aq [$T0 1 NI0/1 T 11°01/10p/W0d"K[IM A:



Stark, J. R. and Fridley, J. D. 2022. Microclimate-based species
distribution models in complex forested terrain indicate wide-
spread cryptic refugia under climate change. — Global Ecol.
Biogeogr. 31: 562-575.

Stein, A., Gerstner, K. and Kreft, H. 2014. Environmental hetero-
geneity as a universal driver of species richness across taxa,
biomes and spatial scales. — Ecol. Lett. 17: 866-880.

Stein, A. and Kreft, H. 2015. Terminology and quantification of
environmental heterogeneity in species-richness research. —
Biol. Rev. Camb. Phil. Soc. 90: 815-836.

Stickley, S. F. and Fraterrigo, J. M. 2023. Microclimate species
distribution models estimate lower levels of climate-related
habitat loss for salamanders. — J. Nat. Conserv. 72: 126333.

Suggitt, A. J., Gillingham, P. K., Hill, J. K., Huntley, B., Kunin,
W. E., Roy, D. B. and Thomas, C. D. 2011. Habitat microcli-
mates drive fine-scale variation in extreme temperatures. —
Oikos 120: 1-8.

Suggitt, A. J., Stefanescu, C., Pdramo, E, Oliver, T., Anderson, B.
J., Hill, J. K., Roy, D. B, Brereton, T. and Thomas, C. D. 2012.
Habitat associations of species show consistent but weak
responses to climate. — Biol. Lett. 8: 590-593.

Suggitt, A. J., Wilson, R. J., Isaac, N. J. B., Beale, C. M., Auffret,
A. G., August, T., Bennie, J. J., Crick, H. Q. P, Dufheld, S.,
Fox, R., Hopkins, J. J., Macgregor, N. A., Morecroft, M. D.,
Walker, K. J. and Maclean, I. M. D. 2018. Extinction risk from
climate change is reduced by microclimatic buffering. — Nat.
Clim. Change 8: 713-717.

Thomsen, M. S., Wernberg, T., Alderi, A., Tuya, E, Gulbransen,
D., McGlathery, K. J., Holmer, M. and Silliman, B. R. 2010.

Page 10 of 10

Habitat cascades: the conceptual context and global relevance
of facilitation cascades via habitat formation and modification.
— Integr. Comp. Biol. 50: 158-175.

Ummenhofer, C. C. and Meehl, G. A. 2017. Extreme weather and
climate events with ecological relevance: a review. — Phil. Trans.
R. Soc. B 372: 20160135.

Virkkala, R., Aalto, J., Heikkinen, R. K., Rajasirkki, A., Kuusela,
S., Leikola, N. and Luoto, M. 2020. Can topographic variation
in climate buffer against climate change-induced population
declines in northern forest birds? — Diversity 12: 56.

Walck, J. L., Hidayati, S. N., Dixon, K. W., Thompson, K. and
Poschlod, P. 2011. Climate change and plant regeneration from
seed. — Global Change Biol. 17: 2145-2161.

Will, R. E., Wilson, S. M., Zou, C. B. and Hennessey, T. C. 2013.
Increased vapor pressure deficit due to higher temperature leads
to greater transpiration and faster mortality during drought for
tree seedlings common to the forest-grassland ecotone. — New
Phytol. 200: 366-374.

Wright, A., Schnitzer, S. A. and Reich, P. B. 2015. Daily environ-
mental conditions determine the competition-facilitation bal-
ance for plant water status. — J. Ecol. 103: 648-656.

Zellweger, E, De Frenne, P, Lenoir, J., Rocchini, D. and Coomes,
D. 2019. Advances in microclimate ecology arising from remote
sensing. — Trends Ecol. Evol. 34: 327-341.

Zimmermann, N. E., Yoccoz, N. G., Edwards, T. C., Meier, E.
S., Thuiller, W., Guisan, A., Schmatz, D. R. and Pearman, P.
B. 2009. Climatic extremes improve predictions of spatial pat-
terns of tree species. — Proc. Natl Acad. Sci. USA 106:
19723-19728.

d ‘8 ¥TOT *90L0009T

:sdny woyy

molosu,

9SULOI'T suowwo)) dAnear)) dqesridde oy £q pauraA0S a1 SAONIR Y 9SN JO SANI 10J AIRIQIT AUIUQ AJ[TA| UO (SUOHIPUOI-PUB-SULIA)/WO0I" KA[1M ATRIQI[OUI[UO,/:sAY]) SUONIPUO)) PUE SWLIS [ 9} 938 “[$70T/11/81] U0 AreIqr suruQ AS[IA ‘LIEIQIT OpeIo[o)) JO ANSIOATUN Aq [$T0 1 NI0/1 T 11°01/10p/W0d"K[IM A:



	Introduction
	Microclimates mitigate the effects of climate change via facilitation
	Climatic match and magnitude of change
	The facilitator’s response to climate change

	Landscape-scale effects of facilitation
	Microclimate heterogeneity increases population persistence
	Connectivity enables population expansion

	Material and methods
	Integration of species responses and facilitator-moderated microclimates
	Microclimate data availability

	Conclusion
	Funding – Both authors were supported by the National Science Foundation [grant no. DEB – 1637686 to the Niwot Ridge Long Term Ecological Research program].
	Author contributions
	Data availability statement

	References

