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Summary

1. Significant deviations between macro- and microclimates are quite common in different eco-
systems. Such deviations have also been observed between leaf and air temperatures. The sur-
face of leaves hosts a huge diversity of organisms. Here, we point out the crucial role of leaf
microclimates in the fate of leaf-dwelling organisms in a changing climate.

2. Leaf microclimate, which includes temperature and humidity at the leaf surface, results from
the biophysical filtering of local macroclimates by the plants themselves through complex and
nonlinear processes. However, because the processes contributing to leaf microclimate are
poorly understood, we lack a strong basis for predicting the impacts of global warming on
plants and their denizens.

3. We describe two mechanisms that generate climate uncertainty at the leaf surfaces. First,
stomatal responses to the environment generate great complexity in the dynamics of leaf tem-
peratures. Secondly, herbivores, by feeding on leaf tissues, modify their leaf microclimates. Lit-
tle is known about how these modifications affect the ecophysiology of organisms at the leaf
surface, an effect called physical feedback of herbivory.

4. Recent findings report a latitudinal gradient in the temperatures of tree leaves, which can be
linked to gradients in plant structural traits. We propose two competing hypotheses to describe
how the leaf microclimate will change with global warming across latitudes. These hypotheses
predict opposite patterns of change in the leaf microclimate.

5. How can we reduce our uncertainty about what will happen at leaf surfaces? Recent
advances in stomatal biology give cues regarding the direction and the speed at which plant
stomata will influence the evolution of leaf microclimates. In addition, local heterogeneity in
microclimatic conditions might help leaf-dwelling organisms to find suitable microhabitats, as
long as they can migrate over short distances.

6. The challenges now are to understand whether leaf microclimates will buffer or magnify the
amplitude of warming, and to determine how much the outcome will affect ecological pro-
cesses within new microclimates. Leaf microclimates can provide suitable microhabitats in an
unfavourable climate, and conversely, they can bring a species to local extinction in what
would seem to be an otherwise favourable climate.

Key-words: boundary layer, global warming, herbivory, humidity, leaf microclimate,
plant-insect relationships, stomata, temperature

Introduction: Environmental biophysics of
organisms at the leaf surface

Collectively, leaves are among the most important micro-
*Correspondence author. E-mail: sylvain.pincebourde@ habitats in the biosphere. Leaves are, foremost, plant
univ-tours.fr organs for gas exchange and energy capture. The leaf

© 2012 The Authors. Functional Ecology © 2012 British Ecological Society



system is probably the most important biological unit link-
ing the global climate (e.g. evapotranspiration and carbon
dioxide assimilation) and the functioning of ecosystems
(e.g. recycling of nutrients). But leaves are also home to an
enormous diversity of other organisms, from bacteria to
arthropods, spanning several functional groups and tro-
phic levels — symbionts, parasites, herbivores, predators,
parasitoids etc. (Preece & Dickinson 1971; Strong, Lawton
& Southwood 1984; Juniper & Southwood 1986; Meyer &
Leveau 2012). This relationship between the host plant leaf
and associated organisms has been extensively studied
from evolutionary (e.g. phylogenetic associations between
herbivores and host plants) and ecological perspectives
(e.g. the nutritional ecology of herbivore insects and plant
defences) (Labandeira et al. 1994; Lewinsohn, Novotny &
Basset 2005; Van Loon, Casas & Pincebourde 2005; Wilf
et al. 2006). Fewer researchers have attempted to describe
and explain how organisms interact with their host plant
leaves from the perspective of environmental biophysics.
From a purely physical point of view, the leaf surface is a
highly characteristic microhabitat, as the abiotic conditions
within the leaf boundary layer can differ markedly from
those in ambient air (Willmer 1986; Boulard er al. 2002).
Here, we point out the crucial role of leaf microclimates in
the fate of leaf-dwelling organisms in a changing climate.
Significant deviations between macro- and microclimates
are quite common in different ecosystems (e.g. Helmuth,
Kingsolver & Carrington 2005; Helliker & Richter 2008;
Scherrer & Korner 2010, 2011). For example, intertidal
microhabitat temperatures for the mussel Mytilus californi-
anus, along the west coast of North America, are poorly
predicted by macroenvironmental conditions; microhabitat
temperatures instead rely on complex interplay among
macroenvironment and local factors such as tidal regime
and wave splash (Helmuth et al. 2006). Likewise, signifi-
cant deviations have also been observed between tempera-
tures at the leaf surface and in surrounding air (Linacre
1964, 1967; Chelle 2005). The influence of leaf microcli-
mates on organisms depends on organismal body size.
Large organisms such as last-instar sphingid caterpillars
(Lepidoptera) are more influenced by ambient conditions
than by leaf microclimatic conditions (Casey 1976; A.H.
Woods, unpublished). By contrast, small arthropods at the
leaf surface are more likely to be completely embedded
within the leaf boundary layer (Woods 2010). These tiny
organisms should experience leaf temperature surface vari-
ations rather than ambient air directly. Also, water vapour
pressure is higher within the leaf boundary layer compared
to ambient (Willmer 1986). Organisms at the leaf surface
experience these abiotic conditions within the leaf enve-
lope, but this is only rarely considered in studies looking
at the effects of climate variations on leaf-dwelling organ-
isms, with a few notable exceptions. North American
pitcher-plant mosquitoes are adapted to variations in their
pitcher leaf microclimate, which magnify the daily air tem-
perature increase (Kingsolver 1979), rather than to ambi-
ent summer or winter conditions (Bradshaw, Fujiyama &
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Holzapfel 2000). Moth eggs in an Arizona desert avoid
lethally high temperatures by developing on host leaves
that transpire away significant heat (Potter, Davidowitz &
Woods 2009). Leaf miners modify plant tissues so that
they magnify air temperature increases during the day, but
buffer thermal extremes to limit overheating (Pincebourde
& Casas 2006a). Such links between an organism’s thermal
requirements and how it uses or manipulates leaf filters
probably are widespread.

Adding the leaf microclimate as a factor when studying
the response of organisms to climate change cannot be
made without adding complexity. Leaf microclimates,
which include temperature and humidity at the leaf sur-
face, result from the biophysical filtering of local macrocli-
mates by the plants themselves through complex,
nonlinear processes (Nobel 1999). These processes can be
integrated into a heat budget, which computes leaf temper-
ature from the characteristics of its physical environment
(Gates 1980; Jones 1992; Nobel 1999). Briefly, the balance
between radiative energy absorption and heat losses during
convection and evapotranspiration drives the leaf-to-air
temperature deviation at short time-scales (Schuepp 1993).
Most of the knowledge on leaf heat budget balance model
was acquired decades ago by micrometeorologists and
plant ecophysiologists but has not yet played a central role
in studies by ecologists working on climate change (see
Woodward, Smith & Emanuel 1995; Hanson et al. 2005).
Significantly more work on the potential effects of climate
change on the leaf energy budget has been performed by
agroecologists (Brouder & Volenec 2008). Nevertheless, a
mechanistic approach provides a strong background for
placing the abiotic environment actually experienced by
leaf-dwelling organisms into models of the ecological
effects of climate change.

Our understanding of how the leaf system will filter
future climates is extremely limited. Here, we explain how
this lack of knowledge adds uncertainty to our ability to
predict the response to climate change of the leaf microcli-
mate and of organisms living within it. Our aim is to stim-
ulate research in this field such that this uncertainty can be
reduced in the future. Also, we do not intend to be exhaus-
tive — our purpose is not to list all parameters that should
be addressed when studying leaf microclimates. Rather, we
highlight several ways in which understanding key mecha-
nisms better will improve our ability to forecast the
impacts of climate change on organisms in the leaf enve-
lope. Most of the microclimate uncertainty at leaf surfaces
lies in two parameters: (i) how will stomata respond to
fluctuations and climate change? and (ii) how will the leaf
microclimate be modified by herbivory in a changing cli-
mate? Answering these questions requires understanding
the details of how leaves produce microclimates. Thereaf-
ter, we discuss the leaf microclimate in a global context, as
recent research provides unexpected and surprising behav-
iour of leaf surface temperature along a latitudinal gradi-
ent (Helliker & Richter 2008). Finally, we suggest future
directions for research.
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The leaf thermostat: stomata

The leaf microclimate depends on interactions among a set
of hierarchical factors: season, regional climate, local
topography (Sears, Raskin & Angilletta 2011), canopy and
plant structure (Campbell & Norman 1998; Sinoquet et al.
2001), and, most proximately, the structure and ecophysi-
ology of individual leaves (Nobel 1999). Stomata deserve
special attention as they simultaneously regulate leaf bud-
gets for water, CO, and heat. The leaf surface temperature
depends greatly on the opening level of stomata, suggest-
ing an analogy between stomata and a thermostat. The
level of stomatal opening directly and proportionally sets
the stomatal conductance for water vapour. Higher con-
ductance directly elevates rate of evapotranspiration,
which in turn depresses leaf temperature (Campbell &
Norman 1998). For example, modelling of the leaf energy
budget shows that a 40-fold increase in stomatal conduc-
tance can cause leaf temperature to drop by 15 °C in large
leaves under full sun (Campbell & Norman 1998). Leaf
temperature of course depends on other abiotic factors,
such as radiation level, wind speed, humidity and on plant
ecophysiology (e.g. leaf shape and size). Among these fac-
tors, however, the stomata represent the only biological
system over which the plant exerts short-term control.
Indeed, stomatal opening reflects both exogenous (environ-
mental fluctuations) and endogenous (plant ecophysio-
logical status) factors (Damour ez al. 2010).

Stomatal opening is influenced nonlinearly and interac-
tively by multiple factors (Jarvis 1976; Jones 1999; Hethe-
rington & Woodward 2003), many of which will be altered
by climate change. At the level of the phylloclimate (sensu
Chelle 2005), the effects of irradiance, humidity (vapour
pressure deficit), temperature and atmospheric CO, have
been studied extensively over the past decades. The most
typical responses of stomatal conductance to such factors
were clearly nonlinear (Jarvis 1976; Morison 1987; Oren
et al. 1999; Huxman & Monson 2003) (Fig. 1a,b). Jarvis
(1976) established the first model integrating the stomatal
responses to a change in irradiance, leaf water vapour defi-
cit, leaf temperature, CO, and leaf water potential.
Although the Jarvis model explained most of the variabil-
ity in stomatal conductance, it has been criticized for not
incorporating the interactive effects of environmental fac-
tors on the stomatal response (Damour et al. 2010). Such
interactive effects do exist, however. For example, increas-
ing leaf temperature tends to lower the amplitude of the
stomatal response to increasing leaf water vapour deficit
(Mott & Peak 2010). Level of CO, also modulates the
interactive effects of temperature and water vapour on sto-
matal conductance (Wilson & Bunce 1997). At the scale of
the entire plant, long distance signalling between plant
organs leads to interactive effects between below-ground
and aerial processes. For example, soil drought influences
stomatal conductance by altering the leaf water status
(Damour et al. 2010). Understanding how stomata will
integrate future climate change remains a great challenge,
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Fig. 1. Linking herbivory, stomatal conductance and micro-
climatic temperature changes in plant—herbivore relationships. The
graphs illustrate the stomatal conductance response to a change in
irradiance (a) and surface temperature (b) for intact leaf tissues
(solid lines) and tissues attacked by a leaf mining moth larvae
(dashed lines). Leaf miner feeding activity leads to stomatal
closure at moderate and high irradiance levels and at elevated sur-
face temperature. This stomatal closure contributes to warming
the attacked leaf tissues as seen in (c) when plotting the daily tem-
perature dynamics of both attacked (dashed line) and intact (solid
line) leaf tissues in full sunlight as well as ambient air temperature
(bottom solid line). Redrawn from data in Pincebourde & Casas
(2006a) and Pincebourde et al. (2007).

and solving this question necessitates a better understand-
ing of the way signalling cascades interact from whole
plants to cells. This sensitivity of stomata to multiple influ-
ences defines the first level of climate uncertainty at leaf
surfaces.

A second level of climate uncertainty follows the decou-
pling in the characteristic time-scales of environmental
fluctuations (e.g. within-day) or changes (e.g. years to dec-
ades) and of stomatal responses. In general, stomatal
responses are not instantaneous. When light and CO, lev-
els fluctuate, the stomatal conductance can be above or
below the time-averaged stomatal conductance established
under corresponding constant conditions, depending on
the frequency of the fluctuations (Cardon, Berry & Wood-
row 1994). Delays in stomatal responses can cause severe
distortions from steady state, especially during high-fre-
quency fluctuations like sun flecks under dynamic cloud
cover (Stegemann, Timm & Kiippers 1999). These delays
could be modulated by the plant itself, as stomata are
under control of a circadian clock that tends to anticipate
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opening at dawn and promote closing well before dusk
(Hotta et al. 2007). However, the influence of within-day
amplitude of variations in light, humidity, temperature or
even CO, (see De Araujo et al. 2008) on stomatal
responses has received little attention.

It is well recognized that stomatal conductance and leaf
surface temperature are intimately linked to each other.
Indeed, thermal imaging is used to infer indirectly the sto-
matal conductance from leaf surface temperature record-
ings, at both whole leaf and canopy scales (Jones 1999;
Leinonen et al. 2006). Recent studies focused on the intra-
leaf surface thermal heterogeneity reporting that most of
the heterogeneity is correlated with heterogeneity in the
stomatal opening level (Prytz, Futsacther & Johnsson
2003). A similar correlation was found at the intracanopy
scale when distinguishing leaves in the shade from leaves
fully exposed to sunlight (Leinonen & Jones 2004). Few
studies provide direct quantitative information on the
amplitude of leaf surface temperature fluctuations caused
by a given variation of stomatal conductance. For example,
Jones (1999) found that under typical conditions with sto-
matal conductance about 200 mmol m~> s~ the sensitiv-
ity of Phaseolus leaf surface temperature to a change of
10% in stomatal conductance can be as much as 0-5 °C.
The natural intraleaf heterogeneity of stomatal conductance
can cause a leaf surface temperature gradient of up to 4-5 °
C in Phaseolus (Jones 1999). A similar difference (5 °C) was
found when comparing Vicia leaves from water-stressed
(relatively close stomata) and well-watered (open stomata)
plants (Leinonen & Jones 2004). Such thermal deviations
are of the same order of magnitude than the temperature
difference between leaves in the shade and exposed to direct
sunlight (e.g. Pincebourde ef al. 2007). The stomatal
responses to environmental factors probably lead to leaf
surface temperature variations of lower amplitude com-
pared to diurnal and seasonal temperature fluctuations,
but they clearly drive the leaf-to-air temperature deviation
significantly for organisms living at the leaf surface.

The integration time of stomata sets their ability to
track seasonal variation as well as long-term environmen-
tal change (Hetherington & Woodward 2003). Seasonal
variation in stomatal conductance (Morecroft & Roberts
1999) clearly integrates across daily leaf microclimates,
because leaves in full sun and in shade (i.e. different radia-
tion level and therefore different leaf surface temperature)
do not show the same patterns of variation (Morecroft &
Roberts 1999). In addition, the recent rise in global CO,
levels has led to reduced stomatal conductance, from plas-
tic response in stomatal density and pore size (Woodward
1987; Lammertsma et al. 2011). Nevertheless, virtually
nothing is known whether within-day patterns interfere
with the ability of stomata to track long-term environmen-
tal change.

These temporal patterns in stomatal response likely
determine the patterns of leaf surface temperature. Inter-
estingly, such temporal mechanisms could buffer or
amplify the effects of environmental factors on leaf tem-
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perature. In this context, stomatal delays are analogous to
thermal inertia in their effects on temperature of organ-
isms. For example, slow stomatal closure could buffer the
rise in temperature stemming from short but extreme com-
pound events, such as the combination of low wind and
high solar load from sun flecks (e.g. a leaf receiving solar
radiation for a short time-window in a canopy gap), while
ambient air is relatively dry and warm (Vogel 2009). Nev-
ertheless, how such co-occurring ‘normal’ events can lead
to compound extreme events is largely ignored in the plant
sciences (see Vogel 2009), despite recent attention in inter-
tidal ecology (Denny et al. 2009). Several older studies
examined effects of compound events on the body temper-
ature of insects associated with plant canopies (Colias
butterflies; Kingsolver & Watt 1983) or with small
plant-created aqueous habitats (pitcher-plant mosquitoes;
Kingsolver 1979). In the context of leaf-associated insects,
the limited knowledge on the temporal behaviour of sto-
mata in fluctuating environments makes uncertain what
the leaf surface temperature trends will be as climate
changes. Future studies should embed empirical and mod-
elling approaches to understand how complex macroenvi-
ronments produce various leaf microclimates. These
studies must take into account rather complex environ-
mental properties, such as autocorrelation among environ-
mental variables (Kingsolver & Watt 1983) and temporal
coincidence of different potential stressors (Pincebourde
et al. 2012), and should fold the nonlinear stomatal
dynamics into mechanistic and quantitative models.

Influence of herbivory on leaf microclimates

Most leaf-associated organisms are active at the leaf sur-
face, and many feed on the leaf tissues by various mecha-
nisms. While some herbivores (e.g. caterpillars) strongly
alter the integrity of a leaf by directly consuming plant tis-
sues, thereby impacting leaf shape and size (Heinrich
1971), other herbivores (e.g. aphids and spider mites) suck
on sap by piercing the leaf integument or by feeding on
plant cells from the inside (e.g. leaf mining and galling
insects) (Hering 1951). These feeding strategies alter sev-
eral parameters of a leaf energy balance, such as stomatal
conductance (Raimondo et a/. 2003; Reddall et al. 2004;
Aldea et al. 2005; Pincebourde et al. 2005) and absorbance
of solar radiation (Pincebourde & Casas 2006a,b). The for-
mation of galls constitutes a more significant modification
of local leaf or stem structure (Stone & Schonrogge 2003).
Leaf galls raise the relative humidity around the galling
insect (Miller, Ivey & Shedd 2009) and provide a warmer
microenvironment to the insect (Layne 1993). To our
knowledge, however, little is known about how herbivory
affects leaf microclimates and virtually nothing on its feed-
back to arthropod ecophysiology, an effect also called
‘physical feedback of herbivory’ (Pincebourde and Casas
2006a,b).

Since the review on the subject by Welter (1989), several
remarkable studies have looked at the impact of herbivory
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or pathogens on gas exchange (photosynthesis, transpira-
tion and stomatal conductance) by leaves. Whether herbiv-
ory’s effect on stomatal conductance is large or small
depends on the type of feeding strategy, but in general,
arthropod feeding leads to decreased stomatal conductance
and transpiration (Nabity, Zavala & Delucia 2009)
(Fig. 1a,b). This suggests that the surface temperature of
an attacked leaf is likely to be higher compared to an
intact leaf (Fig. 1c), although the temperature increase can
be limited to the injured areas of the leaf (Aldea et al.
2006) (Fig. 2). However, transpiration rate may be decou-
pled from stomatal conductance under herbivory as the
arthropod feeding activity can damage leaf epidermis and
plant cells, thereby establishing new ways for water vapour
to escape. Such non-stomatal water loss was shown to
become unimportant several days following herbivory by a
caterpillar on Arabidopsis, probably because the leaves
deposited suberin in wounded areas (Tang et al. 2006). By
contrast, non-stomatal water loss was still significant
6 days after attack in the Japanese beetle and corn ear-
worm caterpillar (Aldea et al. 2005). These temporal
dynamics, coupled with the spatial heterogeneity over a
leaf surface, might increase the amplitude of leaf tempera-
ture fluctuations within the time window corresponding to
the developmental time of an arthropod.

What we need now are more direct studies of the spatial
distribution of stomatal functionality in relation to the
location of leaf damage (where ‘functional’ means that sto-
mata still respond to environmental fluctuations). It is not
always clear whether stomata in attacked leaves conserve
the same functionality compared to stomata in intact
leaves. Although they often may not, this is not the case
for leaves attacked by endophytic insects (leaf miners;
Raimondo et al. 2003; Pincebourde et al. 2005). For exam-
ple, stomata in the leaf tissues mined by lepidopteran leaf
miners remain functional but show responses to changes in
radiation level, water vapour pressure deficit and tempera-
ture that differ from their responses in intact leaf tissues
(Pincebourde & Casas 2006a) (Fig. la,b). Nevertheless, it
is reasonable to think that stomatal functionality would
be annihilated in severely attacked leaves. A very low
transpiration rate coupled with a change in leaf coloration
(darker) likely turns the leaf microclimate into a dryer
and hotter microhabitat. Therefore, herbivory likely
amplifies the effects of environmental variation on leaf
microclimates.

Leaf microclimates at the global scale

As we explain above, leaf microclimate depends on
weather, topography, canopy structure and endogenous
factors. Because most of those factors vary with latitude,
one can reasonably expect a strong latitudinal gradient in
leaf temperatures. However, like most physiological rates,
photosynthesis is temperature-dependent (Sage & Kubien
2007). The capacity of a plant to assimilate atmospheric
CO, is optimal at a given (leaf) temperature within a ther-
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Fig. 2. Effect of herbivory on leaf surface temperature. (a) Picture
of damage caused by a leaf miner caterpillar (Phyllonorycter sp.)
on a leaf of Cluzia sp. in a tropical forest (photo Sylvain Pin-
cebourde). (b) The corresponding infrared image (thermography)
shows that the damaged leaf area is warmer than the intact leaf
surface (327 vs. 309 °C, respectively) (photo Sylvain Pin-
cebourde). (c) Infrared image (thermography) of a fifth-instar cat-
erpillar of Manduca sexta feeding on a leaf of Datura wrightii, in
southern Arizona, showing that the leaf temperature increase can
be limited to the attacked leaf portion (photo H. Arthur Woods).

mal range, below and above which the rate is severely lim-
ited (Sage & Kubien 2007). An interesting hypothesis
emerging recently is that plants may evolve mechanisms
that keep the temperature of their leaves as close as possi-
ble to this optimum across broad latitudinal gradients,
resulting in the apparent absence of gradients in leaf
temperature. This hypothesis was supported recently by
Helliker & Richter (2008). By measuring oxygen isotope
ratios of cellulose in 39 tree species, they showed that
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temperatures of tree canopies during photosynthesis, when
averaged over growing seasons, are remarkably constant
from subtropical to boreal latitudes. Helliker & Richter
(2008) further suggest that the air-to-leaf temperature devi-
ation increases with latitude such that the global average
of leaf temperature is around 21 °C at all latitudes
(Fig. 3a). Indeed, the same conclusion was obtained by
Linacre (1964, 1967) who carried out a meta-analysis on
midday leaf and air temperatures from about 60 different
species (from tree to grass species), finding that the air-
to-leaf temperature deviation decreases with air tempera-
ture such that leaf temperature was 28-5°C + 7-9 °C
(mean + SD) (Fig. 3b). He also demonstrated that there
is equality between leaf and air temperatures at around
30 °C. In the analysis, however, Linacre focused on well-
watered plants to eliminate the effects of water stress.
And, more importantly, he focused on leaves exposed to
full sun at midday, which explains the difference in the
leaf temperature reported in his study (28-5 °C) and by
Helliker & Richter (2008). Leaves in shaded parts of a
tree are normally closer to ambient air temperature than
leaves under full sun. The canopy averaging of Helliker
& Richter (2008) therefore causes the leaf temperature
target to be lower than the one reported by Linacre
(1964, 1967).

The relationship between air-to-leaf temperature devia-
tion and latitude given by Helliker & Richter (2008) has
strong implications for organisms living at the leaf surface.
First, in temperate regions, both leaf biophysics and other
factors varying with latitude (e.g. canopy structure and
daylength) magnify thermal fluctuations from the environ-
ment, because leaf temperature is close to ambient air at
night but goes well above air temperature during the day.
Secondly, at low latitudes, leaf and canopy filters tend to
buffer diurnal increases in air temperature such that leaf
temperature fluctuation amplitudes are lower than ambient
air. Indeed, plants have developed specific strategies to
control leaf temperature according to environmental con-
ditions. For example, high transpiration rates and reflec-
tive hairs allow tropical leaves, and some desert leaves, to
reach lower-than-ambient temperatures (Smith 1978; Pot-
ter, Davidowitz & Woods 2009). By contrast, plants at
high latitudes have evolved strategies for constraining con-
vective heat loss, for example by growing denser branches
(Leuzinger & Korner 2007), thereby promoting high air-
to-leaf temperature deviation. Other leaf structural traits
that play a role in the leaf heat budget, such as leaf size
and shape or leaf mechanical properties, also vary with lat-
itudinal climate (Onoda et al. 2011; Peppe et al. 2011).
Overall, these leaf structural traits are not expected to
change much over short time-scales, albeit some were
found to be relatively plastic to temperature changes
(Royer et al. 2009; De Boer et al. 2011). The latitudinal
gradient in leaf structural traits raises significant questions
about how latitude-specific will be the effects of climate
change. We summarize and encapsulate the opposing pos-
sibilities by laying out two competing hypothesis, the dif-
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Fig. 3. Global trends in leaf temperature excess via two distinct
approaches. (a) Leaf temperature minus ambient growing-season
temperature is shown as a function of ambient growing-season
temperature for different latitudes (boreal, temperate and subtrop-
ical regions) and for 39 tree species. Leaf temperatures correspond
to averages over growing season. They were resolved by analysis
of the oxygen isotopic ration in the cellulose. Redrawn from data
provided in the supplementary materials by Helliker & Richter
(2008). (b) Midday leaf temperature minus midday ambient air
temperature is shown as a function of the midday ambient air
temperature in 70 plant species from different localities and
including greenhouses. Data points are instantaneous temperature
measurements. Redrawn from data provided by Linacre (1967).

ferential-buffering-ability hypothesis and the fluctuation-
adapted hypothesis.

The differential-buffering-ability hypothesis states that
the amplitude of temperature change at the leaf surface
will be negligible in the tropics, at least compared to higher
latitudes. Leaves at low latitudes are already adapted to
dampen the effects of elevated air temperature. These
leaves can therefore buffer future warming, as long as the
amplitude of the warming does not exceed their buffering
abilities. Indeed, the rate of warming is much lower in
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tropical regions than at high latitudes (IPCC 2007). By
contrast, leaves in temperate and boreal areas are more
adapted to magnify environmental fluctuations. The sur-
face temperatures of high-latitude leaves will therefore
increase as much as does the ambient air. Leaf-associated
organisms will therefore experience warming at the leaf
surface only at high latitudes, leading subsequently to
accelerated development of insects, for example, as long as
the critical temperature threshold is not reached. Further,
mortality events might occur once leaf surface temperature
goes above this threshold. In general, according to this dif-
ferential-buffering-ability hypothesis, global change is likely
to cause important ecological effects at high latitudes,
where the leaf microclimate will change the most, whereas
the direct effects could be negligible in tropical regions. An
important caveat about this hypothesis is that the outcome
depends also on climate-driven changes in cloud cover,
because solar radiation plays such an important role in leaf
heat budgets.

By contrast, the fluctuation-adapted hypothesis proposes
that climate-driven ecological shifts will be more important
at low rather than at high latitudes. Leaves in boreal and
temperate latitudes are already adapted to highly fluctuat-
ing environments, whereas leaves in the tropics are not.
Compared to (sub)tropical leaves, therefore, temperate
leaves should be preadapted to cope with even larger tem-
poral fluctuations. Indeed, climate change scenarios predict
a higher thermal variance for future climates (IPCC 2007).
Even if the amplitude of the temperature change is more
pronounced at high Ilatitudes, plants and leaf-dwelling
organisms are already adapted to such levels of thermal
variance. Indeed, increasing the thermal variance might
even have a positive impact on some life-history traits
(Niehaus et al. 2012) as long as temperature remains
within the performance breadth (Neuwald & Valenzuela
2011). By contrast, increasing the temperature variance at
low latitude, where organisms live in general near their
temperature tolerance threshold (Dillon et /. 2010), would
cause major thermal stress and temperature-induced mor-
tality events. This hypothesis implies that slower warming
in the tropics would have more ecological consequences
than at temperate latitudes. The main caveat is that the
outcome in terms of survival and distribution will depend
on whether sublethal and lethal tolerance levels are reach
more frequently or not.

The two hypotheses (differential-buffering-ability and
fluctuation-adapted) make remarkably divergent predic-
tions about latitudinal gradient of ecological impacts in
arthropod—plant associations under global warming. The
differential-buffering-ability hypothesis suggests that plant
structure and physiology will further magnify the latitudi-
nal gradient in rising air temperature, with the conse-
quence that mid- and high-latitude arthropod-plant
associations will change more than will tropical associa-
tions. By contrast, the fluctuation-adapted hypothesis
focuses on latitudinal gradients in adaptation to variable
environments per se, with the consequence that low-lati-

tude arthropod—plant associations will change the most,
even if the total magnitude of change is smaller. This dis-
tinction among hypotheses hinges on the more fundamen-
tal observation that predicting how organisms will respond
to climate change depends as much on organismal physiol-
ogy as on how climate changes in terms of average, vari-
ance and temporal pattern for example (Deutsch et al.
2008; Tewksbury, Huey & Deutsch 2008; Dillon et al.
2010; Pincebourde et al. 2012).

Future directions: quantifying and reducing the
uncertainty

Above, we highlighted two processes leading to climate
uncertainty at the leaf surface — stomatal behaviour and
effect of herbivory on leaf microclimate. This uncertainty,
generated by plant ecophysiological responses to their
environments, must be factored into our uncertainty in
how macroenvironmental change will be transmitted to the
leaf surface, and in how surface changes will affect leaf-
dwelling organisms and their communities of endo-
symbionts. The joint effect of these uncertainties severely
challenges our ability to forecast how climate change will
affect the distribution and abundance of organisms in the
leaf envelope. Also, the complexity of the mechanisms
underlying the leaf microclimate functioning (e.g. stomata)
adds high uncertainty to what will be the leaf microclimate
for its associated organisms in the coming decades. Never-
theless, several recent studies give us ways to start quanti-
fying, and possibly reducing, this level of uncertainty.

A general pattern of acclimation and adaptation of the
stomatal system might emerge. Plant species have reduced
their maximal level of stomatal conductance in response to
increase atmospheric CO, over past several decades, owing
to a reduction in the size and number of stomata (Lam-
mertsma et al. 2011). Modulation in the leaf structure,
observed in several plants in Florida during the past cen-
tury, occurred within a pre-existing range of leaf pheno-
types suggesting that rapid acclimation or plasticity is
possible (Lammertsma et al. 2011). A modelling approach
also showed that this reduction in maximal stomatal con-
ductance will continue as atmospheric CO, keeps increas-
ing, until the plants reach the limits of their plasticity (De
Boer et al. 2011). Reduced maximal stomatal conductance
not only leads to lower transpiration rates in general but
also diminishes the relative importance of short-term sto-
matal responses to environmental fluctuations. Thus, we
can predict an increase in leaf temperature as leaf struc-
tures acclimate to changing levels of CO,. In addition,
daily fluctuations in ambient levels of light, temperature
and humidity might be expected to alter leaf temperature
relatively less in the future compared to today.

Most organisms living at the leaf surface are mobile. As
climate changes, they may therefore be able to move from
unsuitable to suitable leaf microclimates, as long as such
microclimates are available. Indeed, a recent thermal imag-
ing study in alpine landscapes shows that local topography
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and soil temperature contribute to high thermal heteroge-
neity of plant surfaces, to the point that microtopography
can mimic temperature differences of large latitudinal and
elevation gradients (Scherrer & Korner 2010, 2011).
Organisms living in such landscapes have therefore the
possibility to move within their microhabitat to remain
in a suitable thermal environment. Organisms might even
be able to find suitable leaf microclimates within a single
plant, as plant architecture is complex enough to estab-
lish very steep thermal gradients (Pincebourde et al.
2007). Such movements of organisms between different
parts of a single plant, or between plants in a popula-
tion, will likely alter the structures of local food webs,
via changes in species interaction strengths (Barton &
Schmitz 2009).

The challenges now are to understand whether leaf
microclimates will buffer or magnify the amplitude of
warming and to determine how much the outcome will
affect ecological processes within the new microclimate.
Meeting these challenges will require mechanistic and
quantitative approaches that explicitly incorporate the
nonlinearities of the leaf filter, the anticipated changes in
local temperature and hydrological cycle, and the thermal
requirements and tolerance of leaves and their denizens.
Leaf microclimates can provide suitable microhabitats in
an unfavorable climate, and conversely, they can bring a
species to local extinction in what would seem to be an
otherwise favourable climate.
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