'.) Check for updates

Received: 29 November 2023 Accepted: 15 April 2024

DOI: 10.1111/1365-2745.14313

BRITISH
Journal of Ecology Egﬁ%@;’;ﬂ
MINI REVIEW

The Plant Ecology of Nature-Based Solutions

Plant traits, microclimate temperature and humidity: A
research agenda for advancing nature-based solutions to a
warming and drying climate
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3. These microclimate modifications likely depend on the traits, functional groups

Handling Editor: Richard Bardgett and diversity of the plant community. Vegetative feedbacks on microclimate are
strong enough to buffer some plants against the negative impacts of warming and
drying (e.g. facilitation).

4. Synthesis: Here we present, for the first time, a trait-based framework that can
be applied across study systems for assessing microclimate temperature and hu-
midity under vegetation. This framework includes multiple new hypotheses for
future work in this area. We emphasize that a systematic examination of trait-mi-
croclimate relationships will enable us to use vegetation as a nature-based solu-

tion to warming and atmospheric drying in a changing climate.
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1 | CLIMATE CHANGE AND VEGETATIVE at least 1.5°C before the end of this century (IPCC, 2021). Climate
BUFFERING warming has deleterious effects on many individual plants, com-

munities, and ecosystems (Walther, 2010). More specifically,
Anthropogenic climate change has already caused more than 1.1°C warming reduces productivity in tropical and some temperate re-
warming since the beginning of the industrial revolution (Lenssen gions (Boisvenue & Running, 2006) and can drive shifts in plant
et al., 2019). Current climate models predict a further increase of community composition, dominance and diversity of ecosystems
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(Wright et al., 2018). Even when warming leads to increases in
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productivity, temperature changes drive species outside their
temperature optima and alter competitive hierarchies within com-
munities (Niskanen et al., 2019; Parmesan & Yohe, 2003; Richter
et al., 2022). Some species may be driven extinct by warming tem-
peratures (IPBES, 2019) and this can ultimately lead to ecosystem
type transitions as dominant species shift from one type to an-
other (e.g. from forests to non-forests following a change in wild-
fire regime, Coop et al., 2020).

Beyond this, warming temperatures also increase the water
holding capacity of the atmosphere and accelerate the water cycle
(Zhou et al., 2019). Recent work demonstrates that increased
temperatures are decreasing relative humidity and increasing
the vapour pressure deficit (VPD) of the atmosphere (Novick
et al., 2024). Plants usually respond to rising VPD by closing their
stomata, which can limit carbon capture and decrease productivity
of ecosystems, sometimes even when soil moisture is not limiting
(Fu et al., 2022; Schonbeck et al., 2022). While precipitation is ex-
pected to shift globally, resulting in some areas receiving less rain-
fall and some areas receiving more (IPCC, 2021), VPD is increasing
at a global scale (Yuan et al., 2019). Increased VPD can also drive
changes in agricultural yields (Lépez et al., 2021), species compo-
sition (Wang & Wen, 2022), species diversity (Aguirre-Gutiérrez
et al., 2020) and wildfire risk (Rao et al., 2022). Both warming and
atmospheric drying pose large-scale risks for the systems upon
which humans depend.

While technological solutions to warming and drying are a
major area of policy concern, ecologists have proposed natural
climate solutions or “nature-based solutions” as a ready-made
approach to mitigate the future consequences of climate change
(Fargione et al., 2018; Griscom et al., 2017). Nature-based solu-
tions include restoration, conservation and other land manage-
ment strategies that can be applied to increase carbon capture
to mitigate future global warming (Fargione et al., 2018). While
most nature-based solutions are focused on carbon capture, vege-
tation can also be used as a nature-based solution to directly mit-
igate warming (Chakraborty et al., 2022) and atmospheric drying
(Ellison et al., 2024).

There is now widespread evidence that vegetation modifies mi-
croclimate temperatures in every ecosystem on earth (Lembrechts
et al., 2020). Data from eddy covariance flux tower networks sup-
port these claims in terms of vegetative effects on temperature and
relative humidity, and thus VPD as well (Novick & Barnes, 2023).
More specifically, plants can reduce local temperatures by as much
as 10-20°C (usually in warmer temperate ecosystems) and increase
local temperatures by up to 10°C (usually in colder ecosystems and
at higher latitudes, DeFrenne et al., 2019; Lembrechts et al., 2020).
Beyond this, plants can also increase humidity of the microclimate by
over 10% in grasslands (Wright et al., 2015), and potentially more in
forests (Anderegg et al., 2018; Barbera et al., 2023). These changes
in temperature and humidity can lower the VPD of the microclimate
by up to 1.5kPa in grasslands (Wright et al., 2015) and over 2kPa in
forests (Barbera et al., 2023).

2 | MECHANISMS FOR PLANT
TEMPERATURE AND HUMIDITY
MODIFICATIONS

The theory that links plant morphology to near-surface tempera-
ture and VPD is nearly 30years old (Geiger et al., 1995). Specifically,
plants affect microclimates through two classes of mechanisms: (1)
sensible heat flux: the physical structures of leaves, branches, stems
and canopies can either increase or decrease the rate of heat ex-
change between the atmosphere and vegetation. Plants can create
shade (blocking surface irradiation), absorb solar radiation propor-
tional to leaf area and albedo, and block or increase turbulent wind
(Figure 1, Table 1). (2) Latent heat flux: plants also modify the micro-
climate through evaporative cooling. Plants can move water from
the soil and cool the air around them as they transpire this water
from their leaves. Rates of transpiration for an individual or a com-
munity can vary, likely due to changes in functional composition,
functional diversity and species-specific traits (e.g. leaf area, stoma-
tal density, stomatal responses to heating or drying, rates of surface
evaporation, and rooting depth; Figure 1, Table 1).

Despite a strong theoretical underpinning, and an emerging
body of evidence demonstrating the degree of microclimate tem-
perature, humidity and VPD modification that happens below
vegetation, there is not yet a framework that pairs the strength
of microclimate modification with particular plant functional traits.
In fact, to our knowledge there are only a handful of studies that
specifically examine plant traits and how they affect microcli-
mate temperature or VPD (Bruner et al., 2023; Gao et al., 2022;
Guimaraes-Steinicke et al.,, 2021; Mallen-Cooper et al., 2021;
Richter et al., 2022; Zhang et al., 2022). There are several recent
studies that examine the inverse relationship (e.g. how microclimate
conditions can drive changes in plant traits, Govaert et al., 2024;
Kemppinen & Niittynen, 2022), though this is not what we explore
here. There is also a larger focus on plant traits or species-specific
temperature relationships in urban contexts (Speak et al., 2020),
but these studies usually focus on management regimes (e.g. as-
phalt+tree vs. lawn+tree), as opposed to advancing a universal
trait-based framework that can be applied as a nature-based solu-
tion to climate change across study systems.

To advance such a framework, we review recent literature on mi-
croclimate effects under particular plant functional groups or eco-
system types (e.g. shrublands, forests and grasslands). This research,
often utilizing data from flux tower networks, has allowed for broad
cross-ecosystem comparisons that yield empirical insights into how
different types of vegetation can affect temperature and humidity
(Ellison et al., 2024; Lin et al., 2022; Novick et al., 2024; Novick &
Barnes, 2023; Schlesinger & Jasechko, 2014; van Heerwaarden &
Teuling, 2014). These authors hypothesize underlying trait relation-
ships that may explain why, for instance, grasslands cool microcli-
mates less than forests. However, this work again does not explicitly
or experimentally examine the impact of species-specific traits on
microclimate conditions. We emphasize that this type of trait-based
work will be essential if we want to utilize and manage plants as a
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FIGURE 1 Microclimate cooling, humidification, and modification of vapour pressure deficit under vegetation is driven by plant
functional traits (e.g. stomatal traits, transpiration and rooting depth), functional types (e.g. grasses vs. trees) and community properties (e.g.

biomass production, leaf area index and trait complementarity).

nature-based solution to warming and drying. We combine this
research with data from a small number of trait-based studies, to
propose a trait-based framework for examining vegetative microcli-
mates. Many of these trait-based relationships are not yet tested,
and instead should serve as a research agenda for testing novel hy-
potheses about how plants, and plant communities, affect microcli-
mate temperatures and VPD.

3 | DIFFERENCES IN MICROCLIMATE
EFFECTS BETWEEN PLANT FUNCTIONAL
TYPES, COMMUNITIES AND BIOMES

Overall, vegetative effects on microclimate temperature, humidity
and VPD are likely stronger in forests, and weaker in grasslands and
croplands (Novick & Barnes, 2023, Table 1). Within shrublands, mi-
croclimate effects are likely strongly dependent on water availabil-
ity and whether the shrublands are open or closed-canopy (Lortie
et al., 2022). Within forests, microclimate effects will differ between
coniferous and deciduous forests (Balandier et al., 2022; Muller
et al., 2021), depending on the composition and diversity of traits
described throughout this paper (e.g. Richter et al., 2022), and de-
pending on macroclimate context (DeFrenne et al., 2019). Because
vegetative effects on microclimate temperature and VPD can be

divided into sensible heat flux (direct heat exchange) and latent heat
flux (changes in temperature due to evapotranspiration), we pro-
pose a framework that also divides plant traits into latent heat flux
traits and sensible heat flux traits, though there are undoubtedly
some traits that fall into both categories (Table 1, Muller et al., 2021;
Novick & Barnes, 2023; Richter et al., 2022).

For example, on average, forests have higher leaf area index
(LAI) than grasslands (Asner et al., 2003; Hill et al., 2006), this means
greater surface area through which solar radiation can be absorbed
and thus greater warming of the upper canopy (sensible heat flux).
This can also be associated with greater shading and thus cooling
of the lower canopy (Muller et al., 2021; Richter et al., 2022, more
on canopy position below). Similarly, crown diameter and canopy
height will affect the amount of light intercepted (and solar radi-
ation absorbed), the degree to which air is trapped by vegetation
and the amount of shade cast on the ground (Guimaraes-Steinicke
et al., 2021; Mallen-Cooper et al., 2021; Speak et al., 2020), thus
also affecting sensible heat flux (Table 1). Leaf albedo also affects
microclimate cooling (e.g. Speak et al., 2020), as plants with darker
coloured leaves and thus lower albedo will absorb more solar radia-
tion and be warmed more by the sun (Hollinger et al., 2010; Mallen-
Cooper et al., 2021, Table 1).

Traits associated with greater water movement and thus latent
heat flux may also shift in predictable ways between plant functional
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groups (Mallen-Cooper et al., 2021), though these types of traits are
underrepresented in global trait databases (Flo et al., 2021). Some
shrubs may transpire more water than herbaceous species, and past
work has shown that this is associated with greater microclimate
cooling (Bruner et al., 2023). During dry periods, or in water-limited
soils, rooting depth can affect transpiration rates (Li et al., 2021) and
thus likely also affects cooling and humidification of the microcli-
mate. Past work has shown differences in average rooting depth be-
tween ecosystem types (Fan et al., 2017; Schenk & Jackson, 2002,
Table 1), though, to date there have been no experimental examina-
tions of the relationship between rooting depth and microclimate
cooling.

Stomatal traits and drought response strategies will also play
a role in microclimate temperature and VPD effects. For exam-
ple, grasslands may be able to cool the microclimate via transpi-
ration more efficiently than deciduous forests during a heatwave
(Teuling et al., 2010). This is attributed to differences in stomatal
behaviour wherein herbaceous species can sometimes maintain
higher stomatal conductance despite water stress (anisohydric-
ity, Teuling et al., 2010). Conversely, most deciduous tree species
respond rapidly to water stress by closing their stomates (isohy-
dricity). During non-heatwave events, and when soil moisture is
not limiting, average transpiration and the latent cooling effects
of grasslands versus forests are often reversed (Lin et al., 2022).
Stomatal density, aperture and size could thus also affect microcli-
mate cooling and humidifying effects under different vegetation
types. While past work has proposed differences in stomatal den-
sity between ecosystem types (e.g. Muir, 2018), there are no stud-
ies examining how variation in stomatal traits affects microclimate
cooling via latent heat flux.

The cooling effects of vegetation also vary strongly depending
on position within a plant canopy. Canopy leaf surface temperatures
tend to be higher than the surrounding air due to the absorption
of solar radiation by the leaf surface (Muller et al., 2021). Canopy
leaf surface cooling is thus important, and improved by factors that
increase mixing between the macroclimate air and the boundary
layer air (Muller et al., 2021). Conversely, understorey air and leaf
surface temperature can be cooler than the surrounding air (con-
trolling for distance from the ground surface) due to shade cast by
the overstorey and evaporative cooling due to transpiration (Richter
et al.,, 2022; Wright et al., 2014). In these understorey conditions,
larger and less turbulent boundary layers can protect cooler and
more humid conditions from getting remixed into macroclimate
bodies of air (Meinzer, 1993). Forests tend to have larger boundary
layers than grasslands, and thus greater decoupling of microclimate
conditions between the understorey and macroclimate air. This also
indicates that anything driving greater decoupling of the macrocli-
mate and microclimate could potentially lead to greater vegetative
effects on air temperatures (Figure 1).

Diversity of functional traits also affects microclimate cooling
and humidification. In grasslands, past work has shown that cooler
microclimate temperatures in higher diversity communities are
strongly driven by LAl and mean canopy height which both increase
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with increasing herbaceous species diversity (Guimardes-Steinicke
et al., 2021). Higher diversity herbaceous communities may be able
to decrease microclimate temperatures by up to 2°C, increase rela-
tive humidity of the microclimate by 10% and decrease understo-
rey VPD by 1.5kPa (Wright et al., 2014, 2015, 2021). These effects
are strongest on hot/dry days (Wright et al., 2014). These effects
are also emergent and do not appear to be merely the additive re-
sult of individual species traits (Mallen-Cooper et al., 2021; Wright
et al., 2021). Within and among forests, diversity of plant hydraulic
traits, particularly those that affect water transport are better at de-
coupling forest microclimates from macroclimate conditions during
drought (Anderegg et al., 2018). Experimental forests and natural
variation in older forests can drive changes in microclimate condi-
tions: higher diversity forests can be up to 1.5°C cooler than lower
diversity forests (Zhang et al., 2022), and forest management type
(e.g. clear cutting vs. gap cutting) can change microclimate RH by 2%
(Kovacs et al., 2020).

4 | VEGETATIVE FEEDBACKS ON OTHER
PLANTS: FACILITATION IN A CHANGING
CLIMATE

Facilitative effects between plant neighbours have been examined
across a broad range of ecosystems and positive interaction types
(e.g. legume effects, mycorrhizal associations, plant-pollinator net-
works). However, the facilitative effects of vegetative microclimate
temperature and humidity on plant neighbours are not widely ex-
amined (reviewed in Brigham & Suding, 2023). It is clear that plants
affect the microclimate, and microclimate effects on temperature
and humidity are stronger at hotter sites (DeFrenne et al., 2019) and
when the macroclimate is drier (Wright et al., 2015). But for those
constituent species that are growing in the cooler or more humid
conditions provided by trees, shrubs or herbaceous species, how
do microclimate conditions feedback and affect plant performance?
There is an exceedingly small number of studies that examine plant
microclimates and their impacts on neighbouring plant performance
(Brigham & Suding, 2023).

DeFrenne et al. (2013) demonstrated how denser forests may
buffer against understorey warming and can thus protect cool-
adapted species from extirpation as the macroclimate warms. In
Minnesota, USA, higher diversity grasslands decreased the VPD
of the microclimate and this fed back and improved growth and
water status of small tree seedlings (Wright et al., 2014, 2015).
Similar patterns have been shown for focal grass species (Poa
secunda) growing in higher diversity native grass communities
in the Mediterranean climate of southern California (Aguirre
et al., 2021). Filazzola et al. (2017) demonstrated that mid-day
temperatures under shrubs in southern California could be over
5°C cooler than in open micro-sites, with over 10% increases in
RH. This was associated with increases in the abundance of desert
benefactor species (mostly small herbaceous species), suggesting
positive facilitative effects near neighbours. Maestre et al. (2001)
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demonstrated that 1-3°C cooling under grass tussocks, in a semi-
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arid steppe, was associated with less negative leaf water potential
and higher survival for shrub seedlings planted under the canopy
of grasses. Abdallah et al. (2016) demonstrated that 4°C cooling
and a decrease of 4kPa VPD under savanna trees in Tunisia was
associated with a fourfold increase in herbaceous understorey
growth. While these results are compelling, they are not numer-
ous. Future work should focus on the role of facilitation due to
vegetative cooling and humidifying for structuring plant commu-
nity composition and diversity in a warming and drying climate
(Brigham & Suding, 2023).

5 | CONCLUSIONS

Vegetation has the capacity to be a nature-based solution to the
warming and atmospheric drying effects of climate change. We cau-
tion that many traits are a product of their environment (as well as
feeding back and affecting their environment); thus selecting spe-
cies with particular traits is not something that can be done by sim-
ply moving any species from one ecoregion to another. For example,
many sage scrub species have a high albedo, likely due to evolution-
ary pressures that favoured lighter leaves that can stay cooler in
Mediterranean climates (e.g. Martin-Sanchez et al., 2024). Due to
these evolutionary forces, some ecoregions will have an inherent
capacity for greater microclimate effects than others. Further, spe-
cies not ecologically suited to a particular ecoregion should not be
planted in unsuitable habitats due merely to their microclimate cool-
ing or humidifying capacity.

Barring this, the specific degree of cooling and humidifica-
tion depends on shading, absorption of solar radiation, insulation
and evapotranspiration. This means that plant functional groups,
traits, community properties and environmental conditions (e.g.
soil moisture) control the strength of vegetative microclimate ef-
fects. However, more work is needed to make these effects pre-
scriptive: we do not yet know which species, traits or communities
could be best applied to provide a certain set of microclimate mod-
ifications in a given environment. Here we present a trait-based
framework for studying vegetative effects on microclimate tem-
perature and humidity. To advance a research agenda, we have
identified the following trait-based questions that have strong
theoretical underpinnings, but little to no examination in the pub-

lished literature:

1. How does rooting depth affect microclimate cooling and humid-
ification? How does rooting depth interact with precipitation,
temperature and VPD to affect microclimates?

2. How do stomatal density, aperture and size influence microcli-
mate cooling and humidification?

3. How do anisohydric versus isohydric drought strategies affect

microclimate temperature and humidity? Do herbaceous species

have the capacity to cool microclimates more than woody species
during drought (e.g. van Heerwaarden & Teuling, 2014)?

4. What proportion of microclimate effects are due to latent versus
sensible heat flux? How much does this vary by ecosystem type?
How much does this vary as a result of particular functional traits?

5. At the whole community level, do multiple traits (e.g. aerody-
namic resistance, mean canopy height, LAl and crown diameter)
contribute to canopy complexity? Does whole community canopy
complexity help explain differences in microclimate cooling and
VPD? Do these canopy complexity-microclimate relationships
vary based on precipitation, temperature and VPD in different
regions?

6. How much does the built environment in cities modify these trait

relationships?

We also identify other areas where some research has been con-
ducted, but more empirical trait-based work is needed:

1. For traits like albedo, LAI, canopy height, crown diameter,
transpiration and evaporation, how do these traits and the
trait-microclimate relationships vary by ecoregion, species com-
position and species diversity?

2. There is evidence for emergent effects of diversity on micro-
climate humidity and VPD (though not as much evidence for
microclimate temperature, Mallen-Cooper et al., 2021; Wright
et al., 2021). Do diverse traits explain these relationships, or is
there a form of trait complementarity that is needed to explain
how diverse plant communities are uniquely capable of ameliorat-
ing microclimate conditions?

We present this research agenda as a way to move the field of
community ecology forward, and also identify practical recommen-
dations for how to use vegetation as a nature-based solution to a

warming and drying climate.
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