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Shade, in ecological sense, is not merely a lack of light, but a multi-faceted phenomenon that creates new and complex
settings for community and ecosystem dynamics. Tolerating shade therefore affects plants’ ability to cope with other
stressors, and also shape its interactions with surrounding organisms. The aim of this broad review was to map our current
knowledge about how shade affects plants, plant communities and ecosystems — to gather together knowledge of what we
know, but also to point out what we do not yet know. This review covers the following topics: the nature of shade, and
ecological and physiological complexities related to growing under a canopy; plants’ capability of tolerating other stress
factors while living under a shade — resource trade-offs and polytolerance of abiotic stress; ontogenetic effects of shade
tolerance; coexistence patterns under the canopy — how shade determines the forest structure and diversity; shade-induced
abiotic dynamics in understorey vegetation, including changing patterns of irradiance, temperature and humidity under the
canopy; shade-driven plant—plant and plant—animal interactions — how shade mediates facilitation and stress, and how it
creates differentiated environment for different herbivores and pollinators, including the role of volatile organic compounds.
We also discuss the ways how vegetation in understorey environments will be affected by climate change, as shade might
play a significant role in mitigating negative effects of climate change. Our review shows that living under a shade affects
biotic and abiotic stress tolerance of plants, it also influences the outcomes of both symbiotic and competitive plant—plant
and plant-animal interactions in a complex and dynamic manner. The current knowledge of shade-related mechanisms is
rather ample, however there is much room for progress in integrating different implications of the multifaceted nature of
shade into consistent and integral understanding how communities and ecosystems function.

Keywords: shade; understorey vegetation; plant—plant interactions; multiple stresses; global change; herbivory; stress

polytolerance

Introduction

Light availability varies beneath plant canopies and
between gap and understorey locations, and there is strong
variation among plant species in the ability to grow and
survive in different strata within the vegetation canopy.
Shade tolerance, which is commonly defined as the spe-
cies-specific minimum light required for survival, is a
concept initially developed in forest science (e.g. Gayer
1898; Zon and Graves 1911; Shirley 1943), but it has been
increasingly regarded in ecology as a key driver of long-
term ecosystem dynamics (Shugart and West 1980; Bonan
and Shugart 1989; Bugmann et al. 1996). However, shade
is often treated simply as conditions of low light condi-
tions, whereas it actually involves a wide range of envir-
onmental factors with various effects on plants (Figure 1),
and there is still much to understand about the complex
ecological implications of shade and shade tolerance
(Table 1; see also reviews on shade tolerance by
Valladares and Niinemets 2008; Grubb 2015).
Environmental complexity can cause the light require-
ment for plant survival and growth to be higher under
natural environments than in greenhouse conditions
(Baltzer and Thomas 2007). Shade can act directly to

limit photosynthesis but it can also act indirectly on the
potential for carbon gain through morphological and phy-
siological acclimation responses (Niinemets and Valladares
2004; Niinemets 2007; Laanisto and Niinemets 2015).
Vegetation dynamics and succession in many communities
is primarily driven by interspecific differences in resource
uptake and stress tolerance, with light frequently being a
key resource (Canham et al. 1994; Jucker et al. 2015;
Zhang et al. 2015). Thus, differences in shade tolerance
between co-occurring species are central to ecosystem
dynamics and community ecology. The importance of
shade tolerance has long been recognised, and the mechan-
isms involved in the tolerance of low light (whether sub-
optimal irradiance or modified spectral range) and the
implications of shade tolerance for regeneration and vegeta-
tion dynamics have been incorporated in the current the-
ories of vegetation succession (Bazzaz and Pickett 1980;
Kobe and Coates 1997; Lusk et al. 2015; Santo-Silva et al.
2015). However, shade tolerance is estimated in a wide
variety of ways on many different scales, making compar-
isons difficult (Kobe and Coates 1997; Niinemets and
Valladares 2006; Baltzer and Thomas 2007; Holmgren
et al. 2012; Miyashita and Tateno 2014), which is why
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Figure 1. Understorey plant life involves coping with a wide range of environmental changes. While some environmental conditions are
clearly beneficial for understorey plants (e.g. increased organic matter in the soil, wind protection, increased seed dispersal by animals)
others are disadvantageous (e.g. root competition for water and nutrients, increased phytophagous fungi and pests, decreased number of
pollinators) as indicated in the figure by plus and minus symbols, respectively. At least four environmental factors can have either
negative or positive effect on recruitment of plant individuals: reduced irradiance (positive under photoinhibitory conditions, negative
when light interception by the canopy severely limits understorey photosynthesis), herbivory (positive when the canopy acts as a barrier
for herbivores, negative when more herbivores are found in the shade), volatile organic compounds (VOCs, positive when attracting
pests’ enemies, negative when increasing flammability), and increased nocturnal temperatures (positive when cold snaps are attenuated,
negative when respiration and thus carbon loss is enhanced).

Table 1. What we know about shade and shade tolerance, and what we do not know yet.

Aspect

What we know

‘What we do not know

Key aspects of shade

Shade-related
polytolerance

Ontogenetic effects of
shade tolerance

Shade and coexistence

Shade-induced abiotic
dynamics in
understorey
vegetation

Shade-driven plant—
plant interactions

Shade and plant-
animal interactions

Shade is not just light scarcity. It influences
understorey life in multifaceted ways, creating new
and complex environmental settings for community
and ecosystem dynamics

Abiotic stress and resource trade-offs are not as rigid as
traditional models describe

Examples of plant species with contrasting shade
tolerance patterns during ontogenetic development

Shade is a key determinant of forest structure and
diversity through creating and maintaining
microclimatic buffer zones

Canopy significantly affects understorey irradiance,
temperature and humidity patterns at different
temporal scales

Shade mediates facilitation and stress attenuation
especially in ecosystems with extreme climatic
conditions

Selective pressure on different herbivores and
pollinators in the understorey is mainly driven by
plant—plant interactions

Shade can cause complex abiotic and biotic ecological
implications at population, community and
ecosystem levels

What the evolutionary adaptations and biogeographical
patterns are, and what the role of intraspecific
variability behind stress polytolerance is

How common and widespread shade tolerance
differences between juvenile and adult individuals
are; which mechanisms are involved

Effects of historical legacy in the current distribution
and coexistence patterns; niche vs. neutrality
dynamics in low light environments

How concurrence of these effects change structure and
dynamics of understorey vegetation in different
temporal scales

How shade affects both above- and below-ground
competition in understorey vegetation, including e.g.
the role of allelopathy, phenotypic plasticity

Complex patterns and mechanisms how plant—plant
interactions affect herbivores (e.g. volatile organic
compounds) and pollinators

shade-related studies hardly form an integral and compre-
hensive body of research.

Shade is often associated with cooler temperatures
during day, warmer temperatures at night, and higher air
humidity and soil moisture. It may also be associated with
increased herbivory (Baraza et al. 2004) and greater

competition for below-ground resources because dense
above-ground vegetation also exploits below-ground
space heavily (Valladares and Pearcy 2002). Reducing
light intensity, damping temperature variation and ameli-
orating soil conditions under the canopy are some mechan-
isms by which established plants facilitate other plants



Downloaded by [Université de Bordeaux] at 07:33 05 August 2016

(Valiente-Banuet and Ezcurra 1991; Pugnaire et al. 2004),
but in most cases facilitation effects are less significant as
water and nutrient availabilities become lower (Maestre
et al. 2006). Established plants, typically trees and shrubs,
casting shade on others are physical ecosystem engineers
that directly or indirectly control the availability of
resources to other organisms (Jones et al. 1997).

Shade can thus be considered in its literal sense of
low light, or in a more general and ecologically mean-
ingful sense that takes into account which suite of
factors, including low light, together with altered atmo-
spheric and substrate conditions, and biotic interactions.
In this review, we advocate the latter treatment of shade
because natural habitats rarely provide shaded locations
where light availability alone distinguishes them from
open locations. Though the current dynamic vegetation
models include a large number of traits to characterise
different plant functional types, the predictions of these
models are currently rather tentative, making vegetation
dynamics one of the largest sources of uncertainty in
Earth system models (Cramer et al. 2001; Baudena et al.
2014; Fischer et al. 2016). Decreasing this uncertainty
for densely vegetated areas requires both improvements
in trait databases, including estimates of tolerance to key
environmental drivers, and advances in understanding of
the mechanisms associated with competition between
species for light (Purves and Pacala 2008), and on
species’ tolerance of interacting stressors, v (i.e. stress
polytolerance, Niinemets and Valladares 2006; Hallik
et al. 2009; Laanisto and Niinemets 2015; Kunstler
et al. 2016).

Since shade, in its ecological sense, involves much
more than low light supply, and because tolerance to a
given stress is modified by the simultaneous presence of
other stresses and ecological interactions, new research
questions in this area cannot be adequately addressed
with the current simplified conceptual understanding of
shade. This review aims to provide a more comprehen-
sive framework in which to consider the ecological
consequences for plants of being located in shaded
parts of heterogeneous habitats. It is divided into three
broad sections that cover some of the most promising
aspects of the current shade tolerance research. First, we
discuss the nature of shade, the ecological trade-offs
associated with living and surviving in the understorey,
the effects of other stresses on shade tolerating species,
whether polytolerance depends on phylogeny and onto-
geny, and whether stress tolerance patterns affect species
coexistence in shaded conditions. Second, we elaborate
the ecological and physiological complexity of under-
storey life — how shade affects other abiotic, and biotic
stress factors, and the characteristics of competition in
the understorey. Finally, we address aspects of global
change with respect to shade, in particular how elevated
CO,, climate warming, and invasive species affect plant
life in the understorey, and whether shade can help to
mitigate some of the effects of climate and global
change.

Ecology of understorey plant life 3

Shade tolerance and community dynamics
The challenge of shade for plants

Although the way in which plants cope with shade has
been extensively studied, there is still debate about the
importance of different traits, patterns of biomass alloca-
tion, and developmental and reproductive strategies
(Figure 2; Poorter and Bongers 2006; Valladares and
Niinemets 2008; Niinemets 2010). Three main strategies
have been identified: tolerance of low light by maximising
net carbon gain (Givnish 1988); tolerance of low light by
enhanced persistence and increased investments in storage

Sp1  Sp2 Sp3 Sp4

Survival
(juveniles)

Survival
(adults)

Growth
(juveniles)

Growth
(adults)

Growth
(comp.)

Light availability

Figure 2. Idealised survival (a—b) and growth (c—e) responses to
light availability in four species of contrasting shade tolerances.
While species 1 is a typical shade tolerator, species 4 does not
tolerate shade, and the other two species represent various inter-
mediate cases. Different responses are observed in juveniles (a
and c) and adults (b and d—e) of the very same species, with
adults exhibiting less pronounced interspecific differences in their
responses to light than juveniles. Competition (e; when growth
response is analysed in multi-specific scenarios) affects non-
linearly the response to light, tending to decrease growth for a
given light availability.
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and defence (Kitajima 1994; Kobe and Coates 1997).
Avoidance of low light by escaping the understorey —
e.g. through allometric adjustments — is a third strategy,
followed by certain shade intolerant plants when they
germinate in the shade or when neighbours’ growth
decreases light availability (Henry and Aarssen 1997,
Zavala et al. 2011; Zhang et al. 2015). Whereas the first
two strategies allow plants to persist in the understorey for
long periods of time, and are thus characteristic of shade
tolerant plants, the third strategy can only be successful in
coping with shade for a short period of time as plants that
invest heavily in greater stem extension are unable to also
invest in leaf construction. Unless stem extension results
in increased light availability this strategy, which is char-
acteristic of moderately tolerant and intolerant species,
rapidly becomes unsustainable (Henry and Aarssen
1997). Valladares and Niinemets (2008) suggested that
carbon gain and defence/storage strategies in the shade
are not mutually exclusive because different suites of traits
are responsible for the successful performance of different
species in the understorey. However, at least for some
groups of species, such as palms, which have monopodial
architecture and little architectural plasticity, this hypoth-
esis is unsupported (Ma et al. 2015).

Polytolerance to abiotic stress

Plants in most communities are subjected to multiple
stresses, but the extent to which they can tolerate several
stresses simultaneously is still poorly understood. Trade-
offs between responses to various stresses have been sug-
gested, as contrasting structural and physiological traits are
required to tolerate different stresses (Pivovaroff et al.
2014; Grubb 2015). These trade-offs are generally consid-
ered rather universal, and mainly dependent on physico-
chemical constraints, whereas biological adaptations are
regarded as less important (Sack 2004; Laanisto and
Niinemets 2015). For instance, as tolerance of shade
requires a large leaf area, whereas tolerance of drought
relies on an extensive root system, it has been suggested
that drought tolerance and shade tolerance are inversely
correlated (Smith and Huston 1989). However, such trade-
offs might only hold for certain species and communities
(Grubb 2015).

Trade-offs with low explanatory power, and even a
complete absence of a trade-off between shade tolerance
and drought tolerance have been recently found, suggest-
ing that there is at least some capacity to tolerate both of
these stresses, especially in species from warmer climates
(Markesteijn and Poorter 2009). A meta-analysis using
data from 806 woody species from the northern hemi-
sphere (Laanisto and Niinemets 2015) showed that adapta-
tion to different abiotic stress factors in woody plants is
highly complex. Simultaneous tolerance of shade and
drought was related to the length of the growing season
and dormancy. These are the key factors explaining why
woody plants are less able to tolerate both shade and
drought in habitats where the growing season is short

and the water table is high (Laanisto and Niinemets
2015). While this pattern was independent of species
region of origin and leaf type, the trade-off patterns were
different for angiosperms and gymnosperms. This has also
been shown to be the phylogenetic line of division in other
stress tolerance studies (Stahl et al. 2013; Coyle et al.
2014; but see Hallik et al. 2009). Dormancy enables
angiosperms to respond more successfully to additional
stress factors besides shade and drought; however, gym-
nosperms, which have lower polytolerance, can tolerate
shade and drought more easily when other environmental
factors are favourable (Pivovaroff et al. 2014; Laanisto and
Niinemets 2015).

The main alternative to traditional theories (e.g. Smith
and Huston 1989) for explaining the variability in species
ecological potentials and trade-offs has been the trait-based
approach (Niinemets etal. 2009; Ouédraogo et al. 2013).
The extent of interspecific variability in tolerance towards
different types of stress indicates that adaptive evolution
and ecological filtering play key roles in polytolerance
(Sack 2004; Niinemets and Valladares 2006; Valladares
and Niinemets 2008; Hawkins et al. 2014; Grubb 2015;
Laanisto and Niinemets 2015). Examination of polytoler-
ance patterns, including trade-off vs. orthogonal responses
to drought and light, is vital for understanding species
distributions, and the potential for niche differentiation
along natural gradients of irradiance and water supply.

Ontogenetic effects: shade tolerance from seedlings to
adults

Although all species can benefit from growing in gaps in
moist ecosystems (Augspurger 1984), many germinate
better in understorey shade and some do not germinate
in gaps at all. The capacity to germinate in the understorey
or in gaps might be linked to water limitations in the
prevailing habitat for germination (Augspurger 1984),
with larger seed size compensating for unpredictability in
rainfall conditions, at least in tropical rainforests (O’Brien
et al. 2013). Overall, a requirement of light for germina-
tion cannot distinguish pioneer from non-pioneer species
because seed and seedling light requirements are not
necessarily the same (Figueroa and Lusk 2001). While
the initial growth rate of tree seedlings has been shown
to have strong correlations with the whole spectrum of
functional traits under shady conditions, there are clear
divergences between different leaf habit types
(Modrzynski et al. 2015).

As plants grow, they generally invest less of their total
mass in photosynthesising leaves and more in respiring
roots, stems and branches. Consequently, their requirement
for light increases with their size (Givnish 1988;
Niinemets 2006; Poorter et al. 2012). Although ranking
of different species’ light requirements remains fairly con-
stant with ontogeny, minimum light requirement can shift
during plant ontogeny (Kneeshaw et al. 2006; Niinemets
2006; Lusk et al. 2008). The trade-offs between shade
tolerance and tolerance to scarcity of other resources can
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also be influenced by ontogenetic stage (Figure 2). As for
the trade-off between tolerance of drought and shade,
investment in roots increases more rapidly with plant
size in shade intolerant than in shade tolerant species
(Niinemets 1998; Lusk et al. 2008). Thus, larger trees
can usually be expected to be more tolerant of drought
due to their deeper root systems (Cavender-Bares and
Bazzaz 2000), although it depends on root architecture.
This effect is greater in shade intolerant than shade tolerant
species. Experimental studies on seed germination
together with studies on seedling, juvenile and adult plants
reveal important temporal changes in the traits conferring
shade tolerance, in the dimensions of the ecological niche
and in the nature and strength of plant—plant interactions
during the lifetime of a plant (Miriti 2006; Quero et al.
2008). Recent studies have shown that the influence of
shade tolerance on biomass allocation can differ in juve-
nile and adult trees of the same species (Franceschini and
Schneider 2014; Grubb 2015)

Light partitioning, species coexistence and the niche

There is a consensus that shade tolerance is at the heart of
many ecological processes scaling from populations to
ecosystems (Smith and Huston 1989; Zavala et al. 2007,
Laanisto and Niinemets 2015). In particular, interspecific
differences in the ability to compete for light and in shade
tolerance are considered key determinants of forest stand
structure and dynamics. Microclimatic effects generated
by the forest canopy buffer macroclimatic changes, and
create “climatic lags” that help to maintain understorey
biodiversity (De Frenne et al. 2013; Nieto-Lugilde et al.
2014).

Earlier studies have supported the notion that gap
colonisers are capable of rapid growth in high light,
whereas late-successional species are capable of sustained,
though slow growth in the understorey (Bazzaz and
Pickett 1980). Thus, successional replacement in tempe-
rate forests has been typically explained by a trade-off
between growth at low and high light, with shade tolerant
species growing faster in shade than shade intolerant spe-
cies and with species interchanging at higher light avail-
abilities (Shugart 1984). Incorporation of competition
between light-demanding and shade-tolerant species in
dynamic vegetation models has led to more realistic pre-
dictions of vegetation composition (Smith et al. 2001;
Hickler et al. 2004). Shade tolerance has been shown to
be one of four attributes (along cold tolerance, drought
tolerance and growth form) required to provide realistic
simulations of forest dynamics in central and northern
Europe (Bugmann 1996; Fischer et al. 2016), and it is
now recognised to have played a key role in the dynamics
of European primeval forests which were darker and den-
ser than traditionally assumed (Birks 2005; Xu et al.
2015). Despite this recognition, the main mechanisms
underlying species coexistence and segregation along
light gradients remain under debate in most vegetation

types.

Ecology of understorey plant life 5

The light partitioning hypothesis (LPH) is among the
most extended paradigms of the role of light in driving
forest dynamics and species coexistence. This hypothesis
is based on three main premises: (i) there must be variation
in light availability, (ii) species must show a differential
distribution with respect to light availability, and (iii) there
must be trade-offs in species’ growth that generate their
different positions along the light gradient (Goldberg
1990; Poorter and Arets 2003; Stahl et al. 2013). This
hypothesis has been validated in a competitive dynamic
model scenario (Pacala et al. 1996) and experimental
evidence has confirmed it in temperate moist forest eco-
systems (e.g. Abrams and Mostoller 1995) and in tropical
forests (e.g. Bazzaz and Pickett 1980; Poorter and Arets
2003). However, a number of studies suggest that the light
partitioning hypothesis might not explain species distribu-
tion patterns in species-rich ecosystems, since many spe-
cies overlap strongly in their light requirements (Wright
et al. 2003; Getzin et al. 2014; Lilles et al. 2014). Some of
the failure of the LPH is due to the degree of shade
considered, with some studies not exploring plant perfor-
mance at very low light levels (i.e. <2% of sunlight). Plant
survival and growth exhibit non-linear responses to light,
with exponential decreases at very low light levels that are
rare in many temperate ecosystems, particularly in dry
ones, but frequent in tropical forests (Poorter 1999).

In temperate forests, the hypothesis that successional
dynamics are driven by trade-offs in growth rates across
light gradients has been partly abandoned in favour of a
low light survival — high light growth trade-off (Pacala
et al. 1996), although it has also been suggested that both
mechanisms could operate in certain temperate forests (Lin
et al. 2002). It has also been suggested that other trade-offs
associated with tolerances to disturbance and low tempera-
tures (Stott and Loehle 1998), or waterlogging and
drought (Niinemets and Valladares 2006; Laanisto and
Niinemets 2015), interact with shade tolerance to enable
species coexistence in temperate forests. Phylogenetic
background also has a significant role in influencing
trade-off patterns in woody species through differentiated
adaptations (Hawkins et al. 2014; Laanisto and Niinemets
2015); for example, larger hydraulic conduits in angios-
perms in comparison with gymnosperms are thought to be
key reason of their successful radiation (Zanne et al.
2014).

Trade-offs between survival in shade and fast growth
in high light have been reported in Mediterranean forests
(Sanchez-Gomez et al. 2006), but shade tolerance also
exhibits a trade-off with drought and strategies related to
disturbance (Zavala et al. 2000). Resprouter species that
can re-establish vegetatively following disturbance or her-
bivory tend to be shade tolerant as a consequence of their
ability to persist in the understorey without significant
growth (Retana et al. 1999). In contrast, species that
regenerate from seed after disturbance tend to be shade
intolerant but more drought tolerant than resprouters
(Ojeda 1998). It is increasingly evident that shade toler-
ance is affected by water availability (Sanchez-Gémez
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et al. 2006) and by many other factors, so that niche
partitioning for light cannot by itself explain the coexis-
tence of many species (see, for example, the case of the
common European deciduous trees Fagus sylvatica and
Quercus pubescens in sub-Mediterranean forests (Kunstler
et al. 2005)).

In moist tropical ecosystems, species coexistence and
forest dynamics are to a great extent driven by functional
differences in the capacity to compete for light, and sev-
eral trade-offs at various ontogenetic stages have been
invoked to explain niche differentiation (Kitajima and
Poorter 2008; Dent et al. 2013). Niche specialisation
along the light gradient by seedlings has been linked to a
trade-off between growth in high light and survival in the
shade, rather than by reversals in growth rank between
low- and high-light environments (Kitajima 1994). A
trade-off between growth rate and maximum height of
adult plants has been shown to promote coexistence,
because shorter species invest fewer resources in support
and more in reproduction under shaded -conditions
(Kohyama et al. 2003).

Niche-based hypotheses to explain species coexistence
have also been challenged by the neutral theory, which
states that local coexistence is driven by broader biogeo-
graphical and evolutionary processes rather than by deter-
ministic  ecological mechanisms, emphasising the
importance of intraspecific variability (Hubbell 2001;
Valladares et al. 2015). This theory is attractive for its
simplicity, but provocative for its assumption that indivi-
duals of different species in rich communities are ecologi-
cally equivalent. However, the existence of clear
successional and spatial segregation between tropical spe-
cies suggests a role for niche partitioning, with functional
groups or guilds of species segregating along environmen-
tal gradients (Purves and Pacala 2008; Getzin et al. 2014).
However, high within-species variability in leaf trait
responses has been shown to be significantly affected by
shading also in sub-boreal conifer species with different
niche preferences (Lilles et al. 2014). Both approaches,
niche and neutrality, can be regarded as the opposing ends
of a continuum from competitive to stochastic exclusion,
with neutrality becoming more pronounced as species
richness, niche overlap and dispersal capabilities increase
(Gravel et al. 2006; Valladares et al. 2015), for example
towards the Equator, where the prolonged vegetation per-
iod allows to successfully overcome tolerating several
stress factors at the same time (Laanisto and Niinemets
2015).

Understorey life: much more than coping with shade

The understorey can be cooler or warmer, wetter or drier
and usually more fertile than the overstorey

The presence of a canopy generates a whole suite of
alterations in the abiotic environment (Figure 1) due to
comprehensive intricacies from direct effects of light avail-
ability to plant individuals to indirect influences on the

whole ecosystem level — not just irradiance, temperature
and humidity under the shade, but also the processes in
soils are affected by the presence of the canopy. We are
currently only grasping the implications of these modifica-
tions for plant survival and growth in the understorey.
During daytime, reduced irradiance makes the understorey
environment some degrees cooler than the above-canopy
environment, while obstruction of convective and radiative
heat loss by the canopy makes the understorey a few
degrees warmer at night (Jacobs et al. 1994; Niinemets
and Valladares 2004). Thus, reduced daily oscillations in
air temperature are typically found in the understorey. This
creates differences in air humidity, with vapour pressure
deficit being generally lower in the understorey than in the
open (Niinemets and Valladares 2004). These differences
have important implications for plant carbon gain, as air
temperature affects photosynthesis and respiration, and air
humidity affects stomatal conductance (Sellin et al. 2010).
Thus, photosynthetic water use efficiency in the shade is
reduced both because of lower carbon gain under limiting
light and due to increased stomatal conductance
(Niinemets and Valladares 2004; Valladares et al. 2008),
though the latter is compensated by high understorey CO,
concentrations in the tropics (Tomimatsu et al. 2014).
Apart from the direct effects of higher humidity on sto-
mata, lower air temperature, wind speed and vapour pres-
sure deficit reduce the transpiration rate in the understorey
at given stomatal conductance. These environmental mod-
ifications are partially counteract the negative effects of
low light on water use efficiency. Due to this complex
interplay of factors, the issue of whether plants in the
shade always have reduced water use efficiency than
their counterparts in high light requires further research.

Increased humidity in the shade also affects the per-
formance of other understorey organisms. Fungi in parti-
cular can benefit from more humidity, and their increased
abundance can have significant negative impacts on plant
performance. For instance, the mildew Microsphaera
alphitoides reduces the capacity of the European decid-
uous oak Quercus robur to survive in the shade; survival
of seedlings with mildew infestation is lower under
reduced light (Jacobs 2003). In addition, bacteria, fungi,
algae, lichens and epiphytes on leaf surface are more
abundant in the humid understories in tropical rainforests,
and significantly reduce light interception by leaves
(Anthony et al. 2002; Lindow and Brandl 2003).

Due to canopy interception, 10-30% less precipitation
can reach the soil beneath the canopy, especially when it is
received in the form of short spells of light rain, fog and
dew (Liu 1997). In some ecosystems, canopy interception
can represent as much as half of the rainfall (Thurow et al.
1987). Interception of rainfall, coupled with strong root
competition for water by established trees or shrubs, can
make the substrate beneath canopies drier than in nearby
gaps in tropical and temperate forest ecosystems, particu-
larly during dry years (Abrams and Mostoller 1995;
Kursar 1998). Finally, the presence of a canopy affects
the properties of the soil both directly, by physical,
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chemical and biological root-mediated processes, and
indirectly, by altering the abiotic conditions that influence
microbial activity and organic matter decomposition. In
general, soils beneath a canopy are more fertile and less
compact than those in the open (Gdémez-Aparicio et al.
2005). However, soil fertility itself might not affect the
shade tolerance patterns of understorey plants (Sendall
et al. 2015).

All these examples illustrate radically different abiotic
conditions in the understorey compared to open sites for a
wide range of factors beyond irradiance. While some of
these alterations have a negative effect on plant perfor-
mance in the understorey, others are beneficial (Figure 1),
and this suite of environmental changes will have different
net effects on each plant species, depending mostly on
how the plant perceives and modulates its capacity to
cope with all environmental changes taking place below
the canopy.

Competition for resources or habitat amelioration?

All the abiotic modifications generated directly or indir-
ectly by a canopy are capable of influencing plant-to-plant
interactions. Recent analyses of the consequences of shade
tolerance for plant communities have produced a shift of
interest from considering competition for light as a driver
of succession to attenuation of high light stress and exces-
sive transpiration by neighbours as a potential driver of
facilitation (Pages et al. 2003; Valladares and Niinemets
2008). There is ample support for the importance of
“canopy and soil effects” due to “nurse” plants being
beneficial for the establishment and growth of understorey
plants (Callaway 1995; Goémez-Aparicio et al. 2005;
Brooker et al. 2008). However, canopy plants absorb a
large proportion of the available irradiance, water and
nutrients, so there is always likely to be competition for
resources between canopy and understorey plants. The
substrate can also be more fertile beneath a canopy, but
plants can interfere with each other via allelopathic com-
pounds, making the facilitation-competition balance for a
given set of abiotic conditions more negative (Pugnaire
et al. 2004). In general, negative effects of a canopy on
plant fitness are due to an excessive capture of irradiance
and rainfall by the canopy, while positive effects are
related to increased moisture and nutrient availability and
less extreme temperatures beneath the canopy (Tielborger
and Kadmon 2000). Whether the net result for the target
plant is positive or negative depends on the availability of
resources in the environment and on the target plant’s
capacity to cope with resource shortages (Figure 3). The
interplay between shade tolerance and phenotypic plasti-
city of the interacting species is also important for com-
munity dynamics, because the extent of both can affect the
sign and magnitude of species interactions (Valladares
et al. 2007; Semchenko et al. 2012).

In semi-arid ecosystems, positive effects of plant cover
on both resource availability and plant performance
beneath are well documented. Plants can improve soil
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mycorrhizal networks and increase infiltration of water,
so recruitment for many species is greater in shady micro-
sites than in open sites (Verdu and Valiente-Banuet. 2008).
In Mediterranean ecosystems, where summer drought is a
key abiotic species filter, the interplay between shade and
water availability is subtler and more complex, so net
positive effects of carbon gain can alter along environ-
mental gradients (Maestre et al. 2006; Pivovaroff et al.
2014). In Mediterranean evergreen oak savannas, tree
cover has a positive effect on soil water supply and the
costs associated with higher transpiration can be overcome
by the benefits of increased infiltration (Joffre and Rambal
1993). In sub-humid Mediterranean forests, canopy cover
can also exert a positive effect on seedling recruitment,
although through very different mechanisms. In
Mediterranean oak forest ecosystems soil waterlogging
hampers seedling emergence and survival, resulting in
sheltered microsites, where canopy interception decreases
the risk of waterlogging (Urbieta et al. 2008). Positive
effects of partial canopy cover on seedling recruitment
have been detected in other Mediterranean forests, but
the facilitative effects seem to disappear towards the driest
end of the gradient (Maestre et al. 2006). The suggestion
that the importance of facilitation increases with the sever-
ity of abiotic stress, i.e. the stress gradient hypothesis is
currently under intense debate (Lortie and Callaway 2006;
Maestre et al. 2006). Recent community studies on plant—
plant interactions that account for the evolutionary history
of the interacting species have indicated that certain
ancient species lineages can cope with the current climates
because of the nurse effects provided by more recently-
evolved taxa (the wet Tertiary-dry Quaternary transition
that affected the flora of Mediterranean-type ecosystems
Valiente-Banuet et al. 2006). These studies also show that
facilitation turns into competition when interacting species
become more closely related (Valiente-Banuet and Verdu
2008). The overall role of facilitation in plant community
dynamics has been studied intensively (Valiente-Banuet
and Verdu 2013), and we argue that a better understanding
of the ecology of understorey life is crucial for making
further progress in this field (Figure 3).

Plant—animal interactions are different in the understorey
and in gaps

Both biotic and abiotic stresses operate in plant commu-
nities to shape neighbourhood plant responses, and these
stresses change along gap-understorey gradients. Shrub
cover can have a positive influence on tree recruitment
by protecting tree seedlings from herbivores, and this
positive effect operates in conjunction with abiotic stress
amelioration in vegetated sites (Figures 1 and 2; Smit et al.
2007). Interestingly, the relative importance of biotic and
abiotic effects changes along stress gradients, and also
depends on functional traits of the interacting species
(Gomez-Aparicio et al. 2008). Thus, for example, mortal-
ity due to resource limitation in the understorey can be
balanced by mortality due to herbivory in gaps. In other
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Figure 3. Understorey life (shade sensu lato) can be advantageous for plants when compared to life in the open. We suggest that how
these beneficial effects of shade vary with stress can be represented by a Gaussian bell, with an intermediate range of stress intensity for
which understorey life is clearly advantageous. In general, the advantages of living in the shade would be reduced at either low or high
levels of stress because environmental conditions cannot be ameliorated by a canopy at the ends of the stress gradient, either because
there is no condition to be enhanced with respect to the open when stress is low or because stress is exacerbated by limiting light when
the former is very intense. But, the net balance of advantages and disadvantages, and thus the shape of this beneficial effect of the shade
vs. stress intensity curve, varies depending on the type of stress, the traits of the target plant and the overall conditions of the ecosystem
(compare continuous lines with dashed lines representing the general model in each graph). While phenotypic plasticity and stress
tolerance of the target plant tend to increase the potential benefits of living in the shade, most stresses tend to decrease them. However,
high light stress makes the shade increasingly beneficial at increasing stress till benefits reach a species-specific plateau, and competition-
induced stress makes the shade beneficial only at low levels of stress. Shade becomes relatively more beneficial at low levels of stress in
dry and hot ecosystems, but more beneficial at high levels of stress in boreal forests due to the nature of the predominant stress in each
ecosystem, i.e. drought vs. freezing temperatures respectively. Stresses induced by the many drivers of global change also affect the
beneficial effects of the shade vs. stress intensity curve. Shade can be increasingly beneficial with increasing herbivory if the canopy is
effective in keeping away the herbivores (a, central graph at the left hand side column of graphs) or it can be disadvantageous if
herbivores are more active or in greater number in the shade (b). Analogously, the stress induced by invasive species can make the shade
increasingly beneficial if invasive species prefer high light habitats (a, graph at the right in the lower row of graphs) or it can make it
disadvantageous over most of the stress range if invasive species prefer understorey habitats (b).

cases, herbivores are more abundant, or exert greater feed-
ing pressure in the understorey, so that the overall impact
of herbivory can be greater in shade than in the open
(Baraza et al. 2004). Ultraviolet radiation, which varies
in intensity with total irradiance along the gap-understorey
gradient, has a significant impact on the interactions
between plants and animals. The intensity of insect her-
bivory increases when the ultraviolet band of solar radia-
tion is attenuated (Mazza et al. 2002). Thus, the net
outcome of plant-herbivore interactions depends not only
on herbivory pressure and the light environment, but also
on the identity of both the canopy species and the under-
storey species (Smit et al. 2007). Results from different
studies exploring plant—plant interactions in multifactor
scenarios (e.g. Gomez-Aparicio et al. 2005; Quero et al.
2008; Valladares et al. 2008) indicate that shade tolerance
can influence the outcome of these interactions in a com-
plex manner. Interestingly, plants under stress emit volatile

organic compounds (VOCs), which can attract the enemies
of herbivores, leading to reduced herbivory pressure under
a canopy of VOC-emitting plants (Baldwin et al. 2006;
Copolovici et al. 2014). This topic deserves further atten-
tion to fully assess the net outcome of plant—plant interac-
tions mediated by their influence on animals. Plant
responses to herbivory under different levels of resource
availability is an active topic of research in which the
proponents of competing theories are seeking empirical
support (Wise and Abrahamson 2007; Blande et al. 2014).

Pollination and dispersal by animals also alter along
the gap-understorey gradient. The light environment sig-
nificantly affects the pollinator assemblages of plant spe-
cies, affecting their reproduction and fitness (Herrera
1997). Although many animal-dispersed seeds are brought
to understorey locations (e.g. Goémez et al. 2004), seed
predation, particularly by small rodents, is also more
intense in the understorey. Thus, plant cover can have
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detrimental effects on seedling recruitment (Pérez-Ramos
et al. 2008) despite the many beneficial effects of a plant
cover for seedling recruitment (see a revision in Callaway
2007).

Global change and shade localities

Understanding future Earth responses to global change is
one of the most pressing issues for humanity. Global
change alters many environmental drivers and modifies
numerous biotic and abiotic factors that collectively have
profound effects on plant performance in the shade.
Preliminary reviews suggest that many of the uncertainties
associated with multi-species interactions and dynamics
may be increased by global climate change (Parmesan
2006). Rather than providing a detailed review of all
aspects of global climate change related to understorey
plant life, we concentrate on key issues that can modify
vegetation performance in the understorey, with emphasis-
ing new combinations of factors and environmental
conditions.

Elevated CO,

Increased CO, concentrations enhance light-saturated
photosynthetic rate and growth under shade (DeLucia
and Thomas 2000; Kim et al. 2015), and also result in
higher soluble carbohydrate concentrations within plants
(e.g. Tjoelker et al. 1998). This could imply that under
increased CO, concentrations seedlings of a given age
could be larger, and have greater carbon reserves. Both
of these modifications would be expected to increase sur-
vival in shaded conditions. Although growth enhancement
depends strongly on nutrient availability, and declines as
plants increase in size, there is evidence that slower-grow-
ing species, including many shade-tolerant species, can
respond more strongly to elevated CO, than species of
open habitats (Tjoelker et al. 1998; Hattenschwiler 2001).

Although the effects of elevated CO, on maximum
photosynthesis may be short-lived or limited under nutri-
ent-limited conditions, elevated CO, also causes reduc-
tions in stomatal conductance and improved water use
efficiency (e.g. Saxe et al. 1998), and accordingly plants
can support larger leaf areas in drier forests. Furthermore,
elevated CO, increases the low-light quantum yield of
photosynthesis (i.e. the amount of CO, fixed per unit
light intercepted) (e.g. DeLucia and Thomas 2000), imply-
ing that plants maintain a positive carbon balance under
lower light, compared with their performance under ambi-
ent CO, concentration. Thus, enhanced quantum yield
results in an overall increase in leaf area (Pritchard et al.
1999). Forest understories may therefore be darker than in
the future, benefitting more shade tolerant species (Birks
2005; Xu et al. 2015). Differences in species’ growth
responsiveness and leaf area production might therefore
alter vegetation dynamics significantly in atmospheres
with elevated CO,. Information on the responses of
many species to elevated CO, is lacking, however,
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complicating inclusion of the effects of CO, concentration
on shade tolerance into global models (Kim et al. 2015).

Warming understorey

Effects of global warming are further complicated by
contrasting regional scenarios. While moderate warming
is predicted for the southern hemisphere, temperatures in
the northern hemisphere are predicted to rise by ca. 5 K by
the end of 2100. Whereas winter warming is predicted for
northern boreal and temperate forests, summer warming is
predicted for Mediterranean and tropical environments
(Meehl et al. 2007). Warm temperatures can increase
respiration through dynamic thermal acclimation (Atkin
and Tjoelker 2003), potentially accelerating losses of car-
bon, which are hard to compensate for when photosyn-
thetic rates in the shade are low. Additionally, understorey
vegetation dynamics in the Mediterranean are predicted to
change significantly due to increasing frequency of wild-
fires and extreme climatic events, including heat waves
and prolonged droughts (Barros et al. 2015). Acclimation
of respiration to increased temperatures has been shown to
be crucial for understorey plants of low productivity eco-
systems (Zaragoza-Castells et al. 2008). Warm episodes in
winter can deplete carbohydrate reserves and seriously
impact winter survival, though only in colder climates
(Ogren et al. 1997). For evergreen conifers, in addition
to carbon depletion, episodes with high light and high air
temperatures when the substrate is still frozen can be
particularly damaging due to both photoinhibition and
desiccation stresses, especially when foliar temperatures
of conifer shoots can exceed ambient air temperatures
under these conditions by 5-10°C (Germino and Smith
1999).

In warmer climates, mid-day heat during summer can
exceed the heat stress limit of photosynthesis and this, in
combination with elevated evaporative demands, can have
a serious impact on plant survival and growth. Although
mid-day thermal maxima are buffered in the understorey,
warming can counteract elevated CO, effects on foliage
area, resulting in more open understories with amplified
levels of abiotic stress (Valladares et al. 2008).

Changing water availability in the understorey

The combination of low light availability and dry sub-
strates is becoming increasingly common in many
Mediterranean (Valladares et al. 2008) and tropical
(Kursar 1998) ecosystems. In contrast, waterlogged
understories are becoming more frequent in temperate
and boreal ecosystems (Meehl et al. 2007; Barros et al.
2015). Waterlogged conditions during winter are increas-
ingly frequent in many temperate forests, but winter-dor-
mant trees are essentially insensitive to waterlogging.
Given that warmer winters in boreal ecosystems can
break dormancy earlier, waterlogging is likely to become
a more severe stress. Given the trade-offs between water-
logging and shade tolerance (Niinemets and Valladares
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2006), a higher incidence of waterlogging events in flat
areas may more than counterbalance the effects of elevated
CO, on foliage area, leading to more open northern forests
in the future.

Tree seedling regeneration under severe drought fre-
quently requires facilitation by shrubs, but limiting herb
competition alters the precise role of facilitation in the
colonisation process, at least in temperate sub-mediterra-
nean ecosystems (Kunstler et al. 2006). Thus, it is not only
the individual plant performance that is challenged by
simultaneous changes in shade and soil water but also
the balance of plant—plant interactions.

Exotic invasive species in the understorey

Invasive non-native species are recognised as one of the
main global change drivers of biodiversity change; they
can alter ecosystem function, producing, in turn, feedbacks
that drive further changes in community composition
(Gomez-Aparicio and Canham 2008). Earlier studies
described invasive plants as occurring primarily in forest
gaps and open environments. Thus, intact, closed-canopy
forests were believed to be resistant to exotic plant inva-
sions. But intact forests only weakly resisted invasion by
Acer platanoides in North America (Martin and Marks
2006). Once established, Acer platanoides exerted a pro-
found change in understorey light quantity, becoming an
important driver of suppression of native species and con-
specific success in invaded riparian communities (Reinhart
et al. 2006). There is an increasing awareness of under-
storey colonisation by invasive plants, many of which
exhibit high phenotypic plasticity in response to light
(Niinemets et al. 2003). In fact, a large ecological niche
breadth involving the capacity to perform well both in
high and low light conditions is believed to contribute to
invasive success (Sultan 2001; Traveset et al. 2008).

The expansion of invasive species in the understorey is
affected by other global change drivers such as elevated
CO,, altered precipitation and increased soil nutrients. The
increasing abundance of the non-indigenous evergreen
Prunus laurocerasus in the understorey of Swiss tempe-
rate forests has been related to increasing atmospheric CO,
(Hattenschwiler and Korner 2003). The magnitude of the
impact of invasive species increases with increasing soil
fertility in north-eastern United States (Goémez-Aparicio
and Canham 2008), and increased climate variability is
expected to favour invasion by exotic species in the under-
storey of South American ecosystems through altered her-
bivory pressure, as extreme climate events such as El Nifio
trigger significant and complex changes in herbivore
populations (Manrique et al. 2007).

Conclusions

Ecologists should not treat shade merely as a lack of light.
Canopy shade influences understorey plant life in multi-
faceted ways, creating new and complex environmental
settings for community and ecosystem dynamics

(Figure 1, Table 1). Therefore, the ability of a species to
tolerate shade has numerous aspects that also affect its
ability to cope with other stressors, and also shape its
interactions with surrounding species. Recent studies
have shown that shade tolerance is not straightforwardly
related to other stress factors, as depicted by traditional
theories which assume that strict physico-chemical con-
straints determine abiotic stress tolerance trade-offs.
Recognition of this complexity opens up new research
perspectives. In this review we have identified some pro-
mising areas for future research, but there are still major
gaps in understanding the full ecological implications of
shade tolerance.

Detailed documentation of shade-related polytolerance
patterns, and identification of the mechanisms they involve
have yet to be carried out. Such documentation would
provide new understanding of the causes of species dis-
tribution patterns along abiotic stress gradients and the
potential for species niche differentiation in different
environments characterised simultaneously by shade and
other stresses. An important and still understudied aspect
of polytolerance is the effect of ontogeny — how unders-
tory plants in different stages of life cope with other stress
factors, and how much intraspecific trait variability is
involved. The main mechanisms underlying species coex-
istence and segregation along light gradients also remain
poorly understood in most vegetation types. Filling these
gaps in our knowledge would provide the basis for better
dynamic vegetation models. Similarly, the way in which
vegetation canopies affect, both directly and indirectly, the
properties of soil, and ecosystem cycles, need better mod-
els incorporating biogeographic differences in shade-
related trade-offs.

Both biotic and abiotic stresses operate in plant com-
munities to shape plant neighbourhood responses and
these stresses alter profoundly along gap-understorey gra-
dients. Recent results indicate that shade tolerance can
influence the outcome of plant—plant interactions in a
complex manner. However, globe-wide similarities in spe-
cies (and functional type) assemblage patterns along envir-
onmental and disturbance gradients, suggest the existence
of unifying mechanisms. Finally, the ways in which vege-
tation in understorey environments will be affected by
climate change deserve more scientific attention, as shade
might play a significant role in mitigating negative effects
of climate change.
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