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REVIEW

PLANT  PHYSIOLOGICAL  ECOLOGY  AND  THE  GLOBAL  CHANGES

Ecofisiologia vegetal e as mudanças globais
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 Florent Mouillot4, Joana Messias Pereira Nogueira3, Giordane Augusto Martins5

ABSTRACT
The global changes are marked by alteration on the normal patterns of important biochemical and biophysical processes of the

Earth. However, the real effects as well as the feedbacks of the global changes over vegetation are still unclear. Part of this uncertainty can
be attributed to the inattention of stakeholders and scientists towards vegetation and its complex interrelations with the environment, which
drive plant physiological processes in different space-time scales. Notwithstanding, some key subjects of the global changes could be better
elucidated with a more plant physiological ecology approach. We discuss some issues related to this topic, going through some limitations
of approaching vegetation as a static component of the biosphere as the other sub-systems of the Earth-system change. With this
perspective, this review is an initial reflection towards the assessment of the role and place of vegetation structure and function in the global
changes context. We reviewed the Earth-system and global changes terminology; attempted to illustrate key plant physiological ecology
researches themes in the global changes context; consider approaching plants as complex systems in order to adequately quantify systems
characteristics as sensibility, homeostasis, and vulnerability. Moreover, we propose insights that would allow vegetation studies and scaling
procedures in the context of the Earth-system. We hope this review will assist researchers on their strategy to identify, understand and
anticipate the potential effects of global changes over the most vulnerable vegetation processes from the leaf to the global levels.

Index terms: Landscape ecology, vegetation modeling, remote sensing, scaling problems, vulnerability.

RESUMO
As mudanças globais englobam importantes alterações nos padrões normais de processos bioquímicos e biofísicos da Terra.

Os reais efeitos e retroalimentações das mudanças globais sobre a vegetação ainda são incertos. Parte das incertezas pode ser atribuída
à falta de atenção de cientistas e políticos para a vegetação, enquanto componente do sistema terrestre. Entretanto, algumas questões
sobre as mudanças globais poderiam ser mais bem esclarecidas por abordagens mais voltadas à ecofisiologia vegetal. Nesse artigo,
alguns pontos relacionados e esses problemas, como as limitações em se abordar a vegetação como um componente estático da
atmosfera enquanto outros subsistemas do sistema terrestre são dinâmicos, são discutidos. Dentro dessa perspectiva, essa revisão
traz uma reflexão inicial do papel da vegetação, em termos de estrutura e funcionamento, no contexto das mudanças globais. Para isso,
foi feita uma revisão das terminologias relacionadas às mudanças globais e ao sistema terrestre, buscou-se ilustrar alguns dos
principais temas de pesquisa da ecofisiologia vegetal no contexto das mudanças globais. Foram feitas considerações em relação ao
tratamento de plantas como sistemas complexos, o que é importante para o estudo de aspectos relacionados à sensibilidade,
estabilidade e vulnerabilidade a variações ambientais. Finalmente, são discutidas alternativas que podem ser utilizadas para incorporar
aspectos do funcionamento da vegetação, de forma dinâmica, em estudos de mudanças globais, considerando o desafio de mudança de
escalas. Espera-se que essa revisão possa auxiliar pesquisadores subsidiando suas estratégias de identificação e compreensão dos
efeitos potenciais das mudanças globais sobre os processos mais vulneráveis da vegetação, da folha ao globo.

Termos para indexação: Ecologia da paisagem, modelagem da vegetação, sensoriamento remoto, problemas de escala, vulnerabilidade.
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THE  EARTH - SYSTEM  AND  THE
 GLOBAL CHANGES

The Earth-system has been defined as the evolving
complex system comprising the atmosphere, hydrosphere,
lithosphere, cryosphere, biosphere and anthroposphere
as sub-systems (RAUPACH; CANADELL, 2010). Although

such definition appears simple, it is extensive since it bears
all the burden of the intricate physical, chemical and
biological relationships among sub-systems and among
the multitude of components inside sub-systems. These
relationships incorporates to the Earth important attributes
of complex systems, as the one of respond smoothly to
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changing pressures, react in a nonlinear, often abrupt, way,
and the sensitivity around threshold levels of certain key
variables (SOUZA; BUCKERIDGE, 2004; SMITH;
WANDEL, 2006; GALLOPÍN, 2006; ROCKSTRÖM et al.,
2009). This sensitivity signifies that if these thresholds are
crossed, then important processes could shift into a new
state, often with deleterious or potentially even disastrous
consequences for the entire system (EDELMAN; GALLY,
2001; SOUZA et al., 2005a; ROCKSTRÖM et al., 2009;
RAUPACH; CANADELL, 2010).

The sub-system that has been highlighted in
recently in the Earth-system science is the anthroposphere.
Some researchers defend that the sphere of human
societies, cultures, knowledge, economies and built
environments have been deeply transforming the Planet
in the last century, affecting the normal patterns of
variability of Earth’s physical, chemical and biological
components. The term global changes arise from the
magnitude and rate of the alterations caused by the
anthroposphere on the Earth (CRUTZEN, 2002; CRUTZEN;
STEFFEN, 2003; RAUPACH; CANADELL, 2010).

Those changes are so great that in a moment of the
planet’s geological time, the period since the industrial
revolution is often called the ‘Anthropocene’ to distinguish
it from the preceding Holocene. In the Anthropocene,
human activities are significantly modifying the great
natural cycles of carbon, water and nutrients, together with
climate, biodiversity, land cover and other features of the
state and function of the vegetation in comparison with
the previous Holocene period (CRUTZEN; STEFFEN, 2003;
FOLEY et al., 2003; ROCKSTRÖM et al., 2009; FRIEND,
2010; MALHI, 2012).

There is a generalized tendency of employing the
terms global change and climate change as synonyms.
Inside the global changes, alterations in the patterns of
climate variability are currently the most significant and
far-reaching environmental feature facing humanity.
Scientists, policymakers, the media and governments from
around the world are seeking to understand the nature of
the changes that are likely to occur during the 21st century
and beyond, as well as the effects and feedbacks these
changes could have on components and sub-systems that
underpin the Earth-system (COX et al., 2000; CRAMER et
al., 2001; CRUTZEN, 2002; DAVIDSON; ARTAXO, 2004;
COATES et al., 2011).

For this reason the climate changes linked to global
warming is maybe the most significant element in the global
changes. However, one has to consider that the Earth-
system is much more than just the climate. Roughly, it is
obligatory to consider that the global changes involve

modifications in the patterns of normal variability of the
functioning of physical, chemical and biological processes
of any component or sub-component of the Earth,
including the climate system. In this context, the term
global changes covers global warming linked with climate
changes, with its causes, effects and feedbacks into the
complex and intricate interactions within the Earth-
system.

Besides the climate changes, Rockström et al.  (2009)
also indicate as critical effects of global changes the rate
of biodiversity loss and alterations on the nitrogen and
phosphorus cycles. These Earth-system processes are very
close related to terrestrial plant functioning and the
interplay among them could affect the normal patterns of
biochemical and biophysical relationships between
vegetation and environment. The real consequences on
this subject are considered inconclusive in diverse aspects.
However, studies from over one decade have pointed out
convincing evidences of new scenarios of land cover and
use, vegetations structure, ecosystems services, food
production, water availability and regional to global weather
variability as a results of the effects of global changes
over vegetation (COSTANZA et al., 1997; HURTT et al.,
1998; COX et al., 2000; SAXE et al., 2001; WALTHER et al.,
2002; FOLEY et al., 2003; HULME, 2005; NIYOGI; XUE,
2006; MENGE; FIELD, 2007; BONAN, 2008; BERRY et al.,
2010; JACKSON et al., 2011; MALHI, 2012).

KEY  OUTPUTS  OF  PLANT  PHYSIOLOGICAL
ECOLOGY  IN  THE  EARTH - SYSTEM  CONTEXT

Considering that we already experiment a new
geological era marked by the cross of the stability threshold
of fundamental Earth-system processes (ROCKSTRÖM
et al., 2009), it is evident that plants are modifying their
physiological and ecological processes in order to adapt
and survive to the new environmental scenarios imposed
by the global changes (WALTHER et al., 2002; FOLEY et al.,
2003; BONAN, 2008; BERRY et al., 2010; COATES et al.,
2011). This way, the global changes can be considered the
principal threat to vegetation functioning, with potential
negative feedbacks over the other components of the
biosphere and consequently to the entire Earth-system.

The uncertainties regarding the responses of plants
to the changing environmental patterns resulted in a large
part from the great challenge of unscramble the complex
interactions between multiple direct impacts
(photosynthesis, respiration, transpiration, phenology and
nutritional aspects) and indirect impacts (drought, heat
waves, fires, litter quality and decomposition and other
environmental features) on plant physiology and ecology
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(SAXE et al., 2001; FOLEY et al., 2003). Key issues that
need to be solved on this concern were: how and how
much direct and indirect effects could affect the ability of
plants to photosynthesize and use water and nutrients
efficiently? Moreover, how these plant physiological and
ecological processes, in turn, could amplify or suppress
global changes by CO2 uptake and by favoring water and
nutrient cycling? And finally, which methods should be used
to study vegetation in the global change context? (SIMIONI
et al., 2004; HULME, 2005; NIYOGI; XUE, 2006; KOSUGI et
al., 2006; MENGE; FIELD, 2007; UNITED NATIONAUS
ENVIRONMENT PROGRAMME -  UNEP, 2009; BERRY et
al., 2010; COATES et al., 2011; MALHI, 2012).

These questions have redirected plant physiological
ecology to study key vegetation processes under the new
environmental conditions instead of exploring plant
mechanisms solely. Some examples are the great number of
studies focused on the detection of photosynthesis
responses to high CO2 concentrations (a direct impact) and
to combinations of high CO2, high temperatures and
droughts (direct and indirect impacts) (SAXE et al., 2001; LI
et al., 2007; PINHEIRO; CHAVES, 2011).

Furthermore, these kinds of concerns have led plant
physiologists to incorporate multidisciplinary perspectives
to their experimental approaches. As with other branches
of natural sciences, plant scientists have been impelled to
work with integrative approaches across disciplines, across
temporal and spatial scales, and across levels of
organization, considering the complex interactions among
the different themes related to the effects of global changes
over vegetation (JARVIS, 1995; LAVOREL et al., 1999;
AVISSAR, 2002; SIMS; GAMON, 2002; SOUZA;
BUCKERIDGE, 2004; SMITH; WANDEL, 2006; ENQUIST
et al., 2007; PINHEIRO; CHAVES, 2011).

In these perspectives, experimental studies have
shown that direct effects of increasing CO2 concentrations
can lead to short-term increase in photosynthetic rates.
However, it is less clear whether direct effects of elevated
CO2 could also result in increments of carbon assimilation
at high hierarchical levels, because prolonged exposures
often led to acclimation of some leaf traits, resulting in
decreased functioning of the photosynthetic machinery.
Downscaling to the Rubisco (Ribulose-1,5-bisphosphate
Carboxylase/Oxygenase) transcripts level, it was
demonstrated that plants exposed for a long period under
high CO2 concentrations often present less Rubisco
protein, and a general decline of photosynthesis. More
complex discussions on the direct effects of CO2
concentrations from the leaf to the ecosystem physiology
can be found in Kicklighter et al. (1999), Saxe et al. (2001),

Niyogi and Xue (2006), Trumbore (2006), Tjoelker and Zhou
(2007), Li et al. (2007), Friend (2010), Raupach and Canadell
(2010) and in Malhi (2012).

On the other side, some studies have shown that
indirect impacts could affect vegetation functioning and
structure in a more significant way, especially in the
community level. Among such impacts, those caused by
water and nutrient availability and high temperatures have
been of first concern to natural and cultivated ecosystems
(RAMBAL et al., 2003; ROSENZWEIG et al., 2004; LIN,
2007; HULME, 2005; HARPOLE et al., 2007; PINHEIRO;
CHAVES, 2011). In conjunction with nitrogen and
phosphorus availability, changes in the amount and timing
of precipitation associated with new patterns of species
composition in vegetated areas are expected to have
particularly large impacts on the structure and function of
many ecosystems (WINSLOW et al., 2003; SUTTLE et al.,
2007; REICH et al., 2009; REICH et al., 2010; WRIGHT et
al., 2011).

Due to the importance of water in limiting the
physiological processes in all the biological levels of
organization, it has been suggested that soil moisture
mediates the influence of other factors affecting the
functioning and structure of vegetation worldwide (as fires,
light use efficiency, nutrient absorption and assimilation
and high CO2 concentrations) (HARPOLE et al., 2007;
PINHEIRO; CHAVES, 2011). In addition to the effects on
gas and energy exchanges, some researchers have
demonstrated that the variability in the supply of water
can also affect vegetation processes through the effects
of droughts on plant community composition and
phenology. Changes in water availability can have strong
effects on plant species numbers and relative abundance
(POTTS et al., 2006; HARPOLE et al., 2007). If plants differ
in their traits associated with water use, then changes in
their relative abundance should affect whole-community
processes as carbon sequestration, flowering,
deciduousness and nutrient cycling. Because vegetation
functioning depends strongly on moisture availability,
changes in the precipitation regime or evapotranspiration
rates could affect the patterns of plant growth and
competition, modifying the structure and dynamic of
ecosystems. Such changes should directly impact the
carbon budget and the ability of ecosystems to use water
and mineral nutrients efficiently.

As briefly exemplified, an exhausting number of
studies with important environmental effects of global
changes over vegetation functioning and structure at the
leaf and canopy levels have been developed in the last
decades. However, the great challenge in addition to
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elucidate mechanisms and processes affected by the
modified environmental conditions is to incorporate the
leaf level information into larger scales, and vice-versa.
Some efforts were applied to solve this issue demonstrating
that from leaf traits it was possible to determinate the main
patterns defining community responses to environmental
variability (JARVIS, 1995; REICH et al., 1999; NIINEMETS,
2001; RAMBAL et al., 2003; WRIGHT et al., 2005a;
WRIGHT et al., 2005b; REICH et al., 2010; KOSUGI et al.,
2006; WRIGHT et al., 2011).

The relations between leaf traits and community
level responses have been used to verify plant strategies
to grow and develop with limiting resources availability.
Such information is essential to the calibration of dynamic
biosphere-atmosphere models and vegetation remote
sensing techniques. The incorporation of leaf level
parameters into models allowed scaling from the leaf to the
global level when simulating vegetation interactions and
feedbacks with the environment (HULME, 2005; SIMS et
al., 2006; MALHI, 2012). Remote sensing techniques also
benefit from this information, leading to more accurate
observation of vegetation (SIMS; GAMON, 2002; GRACE
et al., 2007). However, the scaling exercise remains a
significant challenge, since predictions of some
ecosystems properties from leaf level information depends
on the effects of global changes over large scale processes
not strongly linked to the leaf traits. The scaling challenges
will be discussed further in this review.

Another important aspect of plant physiological
ecology studies in the context of the Earth-system was
approaching plants as complex systems. As already
mentioned, plant scientists have applied great efforts to
understand the responses of vegetation in face of
environmental adversity. This kind of approach allowed a
better understand of responses of plants in relation to the
environmental conditions, since it was possible to clearly
observe the sensitivity and adaptation capacity of the main
physiological processes to the occurrence of extreme
climate episodes, higher atmospheric CO2 concentrations,
depletion in soil fertility and water availability, soil
salinization, desertification, recurrent forest fires, sea level
raising, air pollution, heavy metals contamination, and all
the broad implications of the loss of biodiversity
(pollination, competition, herbivory and disease), amongst
others (WATSON et al., 2000; SAXE et al., 2001; UNEP,
2002; HULME, 2005; CHARTZOULAKIS; PSARRAS,
2005; TJOELKER; ZHOU, 2007; UNEP 2009; COATES et
al., 2011). Through this approach, the integration of
scattered results observed at different space-time scales
into consistent outputs could be done by the effective

incorporation of powerful statistical, computational and
modeling tools in order to elucidate contemporary plant
physiological ecology issues.

PLANTS  AS  COMPLEX   SYSTEMS

In the last decade some approaches have redirected
plant physiological ecology to multidisciplinary studies.
One significant output of this multidisciplinary interaction
is the analysis of plants as complex systems. In fact, as all
the living organisms, plants can be approached as complex
systems because all its levels of organization undergo
changes in time and space, are evolutionary and dynamic,
non-linear, and may be particularly sensitive to external
disturbances, which in turn reflect in their ability to modify
and self-reorganize due to interactions with the
environment (SOUZA; MANZATTO, 2000; EDELMAN;
GALLY, 2001; SOUZA; BUCKERIDGE, 2004; SOUZA et
al., 2009). This approach provides a better understanding
of the dynamics of vegetation in all organizational levels,
with new possibilities of observation and interpretation of
biological data against environmental variations, especially
because it is possible to derive system’s characteristics,
as sensitivity, adjustment capacity, resistance, exposure
and vulnerability (CARPENTER et al., 2001; SOUZA;
BUCKERIDGE, 2004; GALLOPÍN, 2006; SMITH;
WANDEL, 2006).

The interactions of plants with the environment
are very complex but can be organized in networks. Those
networks are linked in a higher or smaller degree to the
characteristics of their physical, chemical and biotic
environment. Several physiological processes are involved
on these networks that have the property to adjust in order
to keep the plant or community stable in time and space.
The adjustment processes are responsible for maintaining
the properties that provide functional stability to an
organism (e.g. its homeostatic balance), allowing it to deal
with environmental variability (PRADO et al, 2004; SOUZA
et al., 2009; PINHEIRO;CHAVES, 2011).

The number and strength of connections between
elements in a network are strongly related to the stability
of a system. In this way, stability is reported as the ability
of the networks of a system to maintain the internal
variations within a tolerance threshold or a variation range
denominated homeostasis. The homeostasis of an
organism is a reflection of its sensitivity, resistance,
resilience, plasticity, connectivity and autonomy in relation
to environmental variability. These characteristics can
define the system’s vulnerability to an environmental
disturbance (EDELMAN; GALLY, 2001; SOUZA et al.,
2005a, b).



Plant physiological ecology and the global... 257

Ciênc. agrotec., Lavras, v. 36, n. 3, p. 253-269, maio/jun., 2012

Contemporary definitions consider that
vulnerability is the degree to which a system, sub-system
or system component is susceptible to, or unable to cope
with adverse effects such as harm due to exposure to a
hazard, either a perturbation or stress. Although such a
definition addresses environmental factors, it already
includes some vegetation characteristics, such as
susceptibility, which is a function of exposure, sensitivity,
resilience and adaptive capacity or plasticity (CARPENTER
et al., 2001; TURNER et al., 2003; GALLOPÍN, 2006;
METZGER et al., 2006; SMITH; WANDEL, 2006; PIELKE
JUNIOR et al., 2007)

It is important to notice that vulnerability is
registered not only by exposure to perturbations and
stresses, but also must include the capacity of the system
to deal with variables of the human systems. From this
perspective, the concept of sustainability emerged in the
plant physiological ecology, linking in a diverse and
complex way the dual objectives of meeting the needs of
society while sustaining the life support processes of the
ecosystems (CARPENTER et al., 2001;TURNER et al., 2003;
GALLOPÍN, 2006). The sustainability and vulnerability
themes enlarged, and redirected the focus on plant
physiological ecology studies on two main axes: to
understand the sensibility, resistance, plasticity, adjustment
capacity and resilience of functional properties to
environmental drivers, and to study the complex
mechanisms that vegetation has to cope with and to adapt
to stress situations, at diverse time-space scales.

The plant physiological ecology tools were used
in both axes together with the complex system approaches
to solve these issues. First: linking studies at the leaf level
with remote sensing techniques and simulation modeling,
in the up and downscaling procedures of functional
processes. Second: coupling physiological and climate
models to simulate landscape dynamics in diverse
environmental scenarios. Third: evaluating potential risks
and impacts as well as feedback responses of vegetation
in the global change perspective through vulnerability
assessments.

In this way, plant physiological studies with a
complex system approach have been undertaken to define
stability thresholds that can determine the vulnerability of
vegetation to global changes in both, bottom-up and top-
down approaches. The definition of threshold constrained
by plant characteristics and environmental changes is
essential information to be used to scale up ecosystem
regulation from basic leaf-level processes. More details of
this issue will be discussed in the next topic.

THE  SCALE  CHANGING  CHALLENGES

From leaf to the community to the ecosystem

Some fundamental plant physiological and
ecological processes have been neglected in early global
changes studies. From the 1990’s, an increasing attention
has been given to those small scale processes related to
impacts on agriculture and natural systems, due to the
primary biological processes involved with the greenhouse
gas emissions and its effects on atmosphere (SAXE et al.,
2001; FOLEY et al., 2003; BERRY et al., 2010). From this
point, it was recognized that photosynthesis, respiration
and transpiration processes should be considered in all
scales of organization in space and time: molecular to
planetary and seconds to millennia approaches were
important.

Unequivocally the primary process in this concern
was photosynthesis, the complex metabolic pathway in
which plants convert physicochemical into biochemical
energy which is then used to reduce CO2 to carbohydrate.
This process occurs majorly in green leaves and is
responsible for plant growth, development and production.
Some scientific efforts were applied to forecast the possible
relations of photosynthetic metabolism (C3, C4 and CAM)
in a warmer and CO2 richer world (KICKLIGHTER et al.,
1999; SAXE et al., 2001; WINSLOW et al., 2003;
TRUMBORE, 2006; LI et al., 2007; FRIEND, 2010;
RAUPACH; CANADELL, 2010; FRIEND, 2010; MALHI,
2012). However, a great challenge is how to downscale the
photosynthetic process from canopy to leaf level, and then
go upward: upscaling from leaf to canopy, from canopy to
community and from community to ecosystem.

The downscaling obstacles are related to the
diverse types of photosynthetic metabolisms and the
complex interplays and feedbacks related to environment
and plasticity at the genotypic and phenotypic levels.
Notwithstanding, there are attempts to model and represent
photosynthetic reactions that could be useful to downscale
photosynthesis to the molecular level from top-down
approaches, as gas exchange measurements (POOLMAN;
FELL, 2000; ENQUIST et al., 2003).

Some investigations also attempted to downscale
leaf photosynthetic rate through global circulation models
coupled with biosphere-atmosphere models (SELLERS et
al., 1986; POTTER et al., 1998; LI et al., 2007), and others by
remote sensing approaches (SIMS; GAMON, 2002; GRACE
et al., 2007) with a less or greater degree of success.
However, the effective incorporation of such small scale
biophysical and biochemical mechanisms using large scale
tools is still a crucial obstacle to be overcome to
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dynamically and spatial explicitly couple vegetation
physiology and ecology in the global circulation models
and in remote sensing approaches.

The physiological studies on the links between leaf
traits and canopy physiology have been highly relevant
to ecosystem modeling since they consider the effects of
abiotic stress on the vegetation functioning. In general,
the simulation models are square-grid representations, in
a way that to each cell is assigned a set of typical properties,
often including leaf traits such as specific leaf area, net
carbon assimilation and water use efficiency. Due to this
spatially-explicit implication, the use of leaf traits in models
have shown to be a good alternative of upscaling
physiological processes in both space and time (LAVOREL
et al., 1999; DÍAZ et al., 1999; WRIGHT et al., 2005a, b).

At the leaf level, stomata are acknowledged for the
control of assimilation, by restricting the supply of CO2 to
photosynthetic metabolism (CHAVES et al., 2002; SIMIONI
et al., 2004; PINHEIRO; CHAVES, 2011; MARTINS et al.,
2012). Whereas other studies suggest that photosynthesis
may be more directly limited by non-stomatal factors,
particularly via a direct effect of stresses associated to
high temperatures on the ATP synthase, thus leading to
restricted photosynthetic rates by the ATP supply, as cited
by Castrillo (1992) and Lawlor and Cornic (2002).

Some aspects of the control of stomata over leaf
gas exchanges in the context of the Earth-system science
was discussed by Berry et al. (2010). Since the stomata
represent the link between water availability in the soil,
plant and in atmosphere, it exerts a certain degree of control
in whole plant physiological behavior. Because plant
functioning depends strongly on the ability of stomata to
control the water loss at the same time that the carbon
assimilation happens, perturbations in this control at leaf
level can impact the patterns of plant growth and
production at the community level, directly impacting the
carbon budget and the ability of ecosystems to use water
and nutrient efficiently (JARVIS, 1995; CHAVES et al., 2002;
MEDRANO et al., 2002; KOSUGI et al., 2006; POTTS et al.,
2006; TRUMBORE, 2006; REICH et al., 2010).

These traits can be very similar among species and
allow the definition of threshold values of stomata
conductance from which the plants decrease the carbon
assimilation and the transpiration, increasing the water and
nutrient use efficiency and decreasing the vulnerability of
the community and ecosystem to environmental variations.
The definition of those vulnerability thresholds is important
for the calibration of simulation models, to scale from leaf
to stand level and to study the temporal and spatial
dynamics of ecosystem functioning related to

environmental variability (LAVOREL et al., 1999; HULME,
2005; WRIGHT et al., 2005b; WRIGHT et al., 2011).

At the community level, it is well known that the
plant response to environmental variability is complex but
often leads to decrease in biomass accumulation and
production due to a decrease in the leaf photosynthesis
and increase in plant respiration (HUTLEY et al., 2001;
RAMBAL et al., 2004; TRUMBORE, 2006; ICHII et al., 2007).
Therefore, the understanding of the adjustments of stomata
in water and carbon exchanges could be the starting point
for the comprehension of the community responses to
environmental variability.

The definition of the connections among dominant
leaf traits and canopy physiology could be classified as a
first order objective towards the prediction and simulation
of ecosystem processes. Furthermore, given a certain
scenario of environmental conditions, and assuming that
those links are consistent, leaf traits may be used as a proxy
for vulnerability predictions and ecosystem responses in
time. In this context, the analysis of leaf traits together with
canopy processes could be a useful empirical input to
modeling water and carbon fluxes on a regional scale.

An approach with this point of view was
successfully showed by Rambal et al. (2003). The procedure
considered the functional relationships controlling mass
and energy fluxes at the leaf and at the ecosystem level.
Although such an approach was not mechanistic, because
it did not link environmental factors with stomata
functioning at the biochemical and biophysical levels, it
explored the sensitivity of plants to environmental stresses.
This characteristic is useful for the interpretation of field
observations, prediction of both stomata conductance and
gross assimilation at the ecosystem level, and to remote
sense predictions of leaf traits.

With this consideration, a way to correlate plant
physiology with whole canopy functioning is by the
association of remote sensing of functional indices, (such
as the normalized difference of vegetation index NDVI),
and leaf traits. Confirming this, Grace et al. (2007) discussed
that environmental stresses are responsible for changes
in normal patterns of NDVI as a consequence of decrease
in the greenness of leaves. For example, vegetation under
water deficit show a decrease in reflectance in the near-
infrared bands, an increased red reflectance in the
chlorophyll active band, and a consequent blue shift on
the red edge (PEÑUELAS et al., 1997; SIMS; GAMMON,
2002; XIAO et al., 2005; SIMS et al., 2006; CHAMBERS et
al., 2007; GRACE et al., 2007; ICHII et al., 2007).

Due to its characteristics, the NDVI could be useful
to study the effects of environmental variability over leaf
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pigment content and thus link leaf physiology with the
overall condition of the ecosystem, and correlate these
variations to the capacity of the canopy to photosynthesize
(NIYOGI; XUE, 2006; SIMS et al., 2006; GRACE et al., 2007).
The LSWI (land surface water index), another remote sense
vegetation index, has also been broadly used as a
vegetation measure related to canopy and soil moisture
condition. The LSWI can be indirectly related to carbon
assimilation due to plant water status (HUETE et al., 2007).

However, predicting leaf traits from remotely sensed
parameters, as well as predicting ecosystem behavior from
leaf-scale traits, could be more complex. For example, Kosugi
et al. (2006) observed some of the most important
parameters for the evaluation of forest carbon uptake with
a multi-layer analysis of leaf gas exchange and concluded
that the variation in leaf stomatal and physiological
attributes modify ecosystem-scale fluxes. However, the links
between the leaf processes and the ecosystem processes
were not well established in their work. These results
confirmed that the processes at the leaf level are critical to
influence ecosystem functioning, governing ecosystem
carbon and water balance, but it also shows that there is
not a direct relationship between leaf and ecosystem.

As expected, the correlations of variables from
different sources and of different scales can simply give
an insight about the influence of leaves on mass and energy
fluxes of the integrated ecosystem. As an example,
considering that LSWI and NDVI are consistent indices to
measure vegetation functioning at ecosystem level, as well
as the control of gas exchange by stomata conductance is
a consistent pattern at the leaf level, the relationship
between LSWI and stomata conductance or between NDVI
and photosynthesis can be assessed just to infer about
plant physiological status at leaf and canopy scales.

However, studies that analyze leaf trait information
on a larger scale, such as canopy reflectance, have high
relevance in the global change science since this kind of
information greatly enhance the representations and
simulations of different vegetation responses, including
dynamic biological parameters of plant adjustments to
environmental properties (WRIGHT et al., 2005a, b;
WRIGHT et al., 2011). The improvement of these
relationships can lead to deeper discussions about the
potential effects of the global changes on the vegetation,
since the up and downscaling of physiological processes
are facilitated and threshold values of key leaf traits
affecting ecosystems functioning can be defined (JARVIS,
1995; HURTT et al., 1998; RAMBAL et al., 2003). However,
these responses are particular to each ecosystem being
both, site and species-specific (KOSUGI et al., 2006).

Therefore, the representations of the state of leaf-to-canopy
functioning can be very particular, and more studies on
these links are vital for improved descriptions, simulations
and definition of stability thresholds of vegetation
functioning under adverse environmental conditions.

From ecosystem to the landscape

By the end of the 1980s, increased attention to the
structural and functional responses of ecosystems to the
global changes has highlighted the need for quantitative
approaches in order to analyze distribution and shape of
land cover patches in the landscape, linking plant
physiological and ecological processes at broad spatial
and temporal scales (TURNER, 1989). At the landscape
level, fragmentation pattern of land cover seemed to be a
fundamental variable to the assessment of the many
aspects of the ecosystem-human system vulnerability to
global changes, since the patterns of change in land cover
are regarded as a result of diverse interactions among land
use politics and environmental drivers (LI, 2002;
SOUTHWORTH et al., 2004).

As a consequence, a method for assessing
continuous landscape fragmentation, based on fractal
analysis was developed in the end of the 1980’s (MILNE,
1988; MILNE, 1989). Fractal geometry incorporates complex
system theory and applications in the study of landscape
ecology on the basis of reducing information and assessing
reliable generality in statistical space-time pattern of
vegetation distribution (LI, 2002; THIELEN et al., 2008).

The concept of landscape fragmentation refers, in
general, to the transformation of the land cover properties
from a uniform to a more heterogeneous and patchy
situation. The analysis of landscape fragmentation has
been used frequently in the interpretation of the
spatiotemporal patterns of land cover and land use
changes, by calculating for each land cover class, a range
of metrics to describe fragmentation and spatial distribution
of ecosystems in the landscape (HARGIS et al., 1998;
SOUTHWORTH et al., 2004). Because the landscape is a
mosaic of objects, such as agricultural fields, urban areas,
water bodies or natural vegetation patches, landscape
fragmentation is often monitored using remote sensing,
modeling and global information system tools (BALDÍ et
al., 2006; THIELEN et al., 2008; GARRIGUES et al., 2008).

Analyses of changes in the land cover pattern
obtained by using those tools generated information to
correlations with environmental and anthropogenic
disturbances, allowing the identification of the possible
biophysical, biochemical and human processes driving the
land cover changes. Within such relationship, the degree
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of landscape fragmentation could provide decisive
information to derive ecosystems functioning, even if more
details of all ecological processes affected within the
landscape were unknown (SAUNDERS et al., 1991;
SOUTHWORTH et al., 2004; BALDÍ et al., 2006).

Amongst some of the ecosystems processes
affected by changes in the land cover pattern, generally
three has primary concern on the physiological ecology
aspect: i) alteration of the microclimate within and
surrounding the patches; ii) the isolation of each area from
other patches in the surrounding landscape; and iii) fire
occurrence (SAUNDERS et al., 1991; BALDÍ et al., 2006;
PACHA; PETIT, 2008). Thus, in a fragmented landscape
there are changes in the physical and chemical environment
as well as biogeographic changes. All patches are exposed
to these effects to a greater or lesser degree, but they are
all influenced by their size, shape, and position in the
landscape (TURNER, 1989; SAUNDERS et al., 1991).

A large amount of discussions of landscape ecology
have concentrated on the biogeographic aspects of
vegetation, but the effects of fragmentation over the
biophysical and biochemical processes have received little
attention. Only a few studies mentioned that the fluxes of
energy, momentum, carbon, water, and nutrients across
the landscape are altered significantly as a result of changes
in the land cover pattern (TURNER, 1989; SANTOS et al.,
2003; HOFFMAN et al., 2003; SOUTHWORTH et al., 2004;
CERNUSAK et al., 2006; GARRIGUES et al., 2008).
However, it is well known that such changes have important
consequences on mass and energy fluxes of both, natural
and managed ecosystems at local and regional levels, since
they are related to the occurrence of fires, alterations in
wind speed and direction, albedo and runoff (SAUNDERS
et al., 1991; BALDÍ et al., 2006; THIELEN et al., 2008).

Patterns of land cover change in most tropical
developing countries are often driven by anthropogenic
activity related to biomass burn in natural and agricultural
ecosystems, deeply affecting the normal patterns of mass
and energy exchange between vegetation and atmosphere.
Although the natural ignitions are ecological components
in tropical regions, especially in savanna areas, they are
complex to define in terms of natural perturbations leading
to changes in land cover, in biogeochemical cycles, and
on vegetation composition across multiple spatial and
temporal scales (BALDÍ et al., 2006; LANGNER et al., 2007;
THIELEN et al., 2008). Besides the burn of biomass, another
legacy of the landscape fragmentation in the tropics is the
great diversity of ecosystem physiognomies. The land
cover heterogeneity is dependent on soil types, water
availability and altitude and also contributes to the high

patchy landscape in the tropics. These are important
factors conditioning the level of exposure and response of
vegetation to the physical environment and determinate
aspects of resistance and resilience of tropical ecosystems
to perturbations.

Despite the important role of natural fire in the
definition of functioning and structure of landscape, the
history of technological advances, social and demographic
changes as well as extreme episodes, and pressures upon
natural resources has led to a point where fire regime could
represent the most direct effect of humans on landscape.
Recent studies hypothesize that fires might play a more
important role than any other biophysical process in
modifying the landscape dynamics at the regional level by
three main causes: i) by resetting natural ecosystems to
their early successional stages, ii) by favoring plant
functional types adapted to recurrent disturbances, and
iii) by changing the land cover structure, thus affecting
energy, mass and momentum fluxes between land surface
and atmosphere. Such modifications may have significant
feedbacks on regional biosphere/atmosphere interactions
(MOUILLOT et al., 2005; BOWMAN et al., 2009).

Interannual variability and seasonality of fires have
been accurately related to climate and particularly to
drought periods. In general, diverse studies have shown
that shallow rooted grasslands get dry earlier in the dry
season favoring high fire risk compared to the deep rooted
forests, which can get access to water for a longer period.
Concurrently, aerial biomass structure determines
flammability with a higher fire risk for fine branches
compared to thick trunks. As a consequence, grassland
and shrublands fires are highly recurrent with low
interannual variability, while severe forest fire happens only
during prolonged droughts mostly driven by El Niño events
in the tropical forests (THONICKE et al., 2001; MOUILLOT
et al., 2002; BOND et al., 2005; MISTRY, 2005; MOUILLOT
et al., 2005; BEERLING; OSBORNE, 2006; DI BELLA et al.,
2006; BOWMAN et al., 2009).

Indeed, modeling current and future fire regime at
the global scale has been based on available biomass and
water status (THONICKE et al. 2001; BOWMAN et al.,
2009). Beside this knowledge on climate influence on the
fire regime, changes in fire occurrence in the last century
clearly illustrate how land cover changes, changes in fire
policies or forest management strategies can significantly
affect long term changes in fire regime, and in a more
significant manner than any other natural environmental
trend (MOUILLOT et al., 2005).

Within such considerations, landscape structure
and functioning has to be considered as a non-random
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process resulting from a complex interplay of environmental
and social factors that constrains changes in land use and
environmental characteristics. This way, fragmentation
would be interrelated with fire frequency and microclimate
variability, resulting in the loss of ecosystem services,
abnormal mass, momentum and energy fluxes and loss of
biodiversity (SANTOS et al., 2003; HOFFMAN et al., 2003;
GRACE et al., 2006; KEITH et al., 2007; GONZALES et al.,
2008; BOWMAN et al., 2009). These outputs of land use
and land cover could result not only in modification of the
carbon stocks in the landscape components, but also in
feedback effect in atmospheric properties at regional scales
(SANTOS et al., 2003; BOND et al., 2005; CERNUSAK et
al., 2006), being essential in approaches aiming to
understand causes and forecast impacts of the global
changes over vegetation functioning and structure at
diverse hierarchical levels.

From landscape to the globe

Unequivocally, the largely used tool to scale plant
physiological ecology processes globally are the
mechanistic spatial explicit models. These tools have been
successfully used to perform simulations of the various
forms of interaction among the physical, chemical and
biological processes of vegetation within the environment
over the last 20 years (RUNNING; GOWER, 1991;
FEARNSIDE; FERRAZ, 1995; COSTA; FOLEY, 2000; COX
et al., 2000; BONAN, 2008; MALHI, 2012).

Models in the scientific context, symbolize system
components and their interrelationships to describe real
phenomenon. There are many types of models, according
to the objective and approach. Structural models represent
patterns of a system in response to an environmental
change (e.g., branching pattern of a canopy or root systems
growth). Mechanistic models are able to simulate
physicochemical and biological processes at different
spatial and temporal scales considering adjustments and
feedbacks of the system components to the environmental
variables.

Studies with mechanistic models of biosphere-
atmosphere interaction with greater accuracy in
representing the physiological and ecological processes
of vegetation can describe with certain reliability the
dynamics of Earth ecosystems. This is because the model
can represent basic processes of plant physiology
responding to large scale environmental variations at the
mechanisms level, with great degrees of detail and
complexity (RAMBAL et al., 2004; TRUMBORE, 2006).

The vegetation models can be grouped according
to the processes involved into three categories:

biogeochemical, biophysical and biogeographical.
Examples are, respectively: CENTURY (PARTON et al.,
1987), BGC (RUNNING; GOWER, 1991) and MET (RAICH
et al., 1991); BATS (DICKINSON et al., 1984) and SiB
(SELLERS et al., 1986); and BIOME (PRENTICE et al., 1992).

According to Costa and Yanagi (2006), mechanistic
vegetation models were incorporated as components of
climate models in the 1960’s. Their main role was to provide
a lower boundary condition (energy, mass and momentum
fluxes) for the atmospheric models. At that time, vegetation
was represented by a large number of aerodynamic
formulations of energy exchange with coarse
representations of albedo, infrared radiation balance and
evapotranspiration without any approach of physiological
processes (COSTA; YANAGI, 2006; BONAN, 2008). Since
then, vegetation models have been evolving continuously
over the last forty years, resulting in a more accurate
representation of vegetation physiological and ecological
processes in the regional to the global level (BONAN,
2008).

In the 1980s the vegetation models included the
effects of ecosystems on the energy and water fluxes. As
examples of models of this generation the most known are
BATS -Biosphere Atmosphere Transfer Scheme
(DICKINSON et al., 1986) and SiB – Simple Biosphere Model
(SELLERS et al., 1986). These models were able to
represent the canopy explicitly, including processes of
radiative and turbulent transfer above and within canopy,
physical and biological controls of evapotranspiration, and
the influence of vegetation on the hydrological cycle.
Following, the third generation of vegetation models was
developed in the 1990s. As part of those models the plant
physiological and ecological processes were incorporated
through a good representation of the stomata control of
transpiration and of the biochemistry of photosynthesis
(BONAN, 2008).

Currently, vegetation models have evolved to the
point accuracy in the simulations of the carbon cycle and
vegetation structure and dynamics (FOLEY et al., 1996;
BONAN, 2008; MALHI, 2012). In the modern models, the
soil, atmosphere and biosphere form a coupled system
where the weather influences vegetation functioning,
structure and biogeography, which in turn feedback soil
and atmospheric processes. Some models also include
changes in land use, since there is a large need to evaluate
the impact of these changes in vegetation functioning, as
discussed before.

In general, these last generation models provide
more realistic leaf to canopy responses to environmental
variability, and are therefore powerful tools to study
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responses of vegetation in the context of the global
changes. There are many examples of vegetation models
of this fourth generation, among them IBIS (FOLEY et al.,
1996), FOREST-BGC and BIOME-BGC (RUNNING;
GOWER, 1991), INTEC (CHEN et al., 2000), SITE (SANTOS;
COSTA, 2004), CenW (KIRSCHBAUM, 1999), and BEPS
(LIU et al., 2002).

The use of vegetation models with a plant
physiological ecology approach is an important tool in
understanding the role that vegetation, and consequently
ecosystems, plays on the global stocks and fluxes of
carbon, water, nutrients and energy, integrating spatially
explicit information over hours to decades. This type of
study would hardly be performed without the use of
modeling techniques. Additionally, the type of information
provided by models is useful to support the development
of actions aiming at stabilizing vegetation facing
environmental threats, maximizing ecosystem service and
minimizing direct and indirect environmental impacts on
most vulnerable ecosystems. This would allow the
prediction of ecosystems structure and functioning in the
future, supplying basic information necessary to the
establishment of mitigation strategies to withstand the
negative impacts forecasted with the ongoing
environmental trends.

TOWARDS  A  MORE  PLANT  PHYSIOLOGICAL
ECOLOGY  IN  THE  EARTH-SYSTEM  SCIENCE

The present-to-near future challenge of plant
physiologists and ecologists in the global changes
perspectives is not only to know that global changes are
able to affect vegetation, but rather to consider the
physiological and biophysical thresholds of vegetation to
those changes. This vulnerability approach would be
helpful to enlarge the knowledge about the role that
vegetation plays in the Earth-system, and also would be
helpful to the establishment of mitigation strategies to
withstand the negative impacts and feedbacks of
vegetation on the context of the Earth-systems processes.

In order to overcome this challenge, research on
plant physiology in the Earth-system must be performed
including all the aspects related to landscape ecology,
anthropogenic activities, fire regime, and other relevant
large scale processes. This could be approached by the
association of experimental studies with field observations,
remote sensing techniques and by simulations with
process-based, mechanistic and spatially explicit models.

For now, analysis of plant physiological, structural
and ecological data performed in a complex system
viewpoint seems to be the best way to aggregate responses

obtained at different levels and observe the whole picture
of the interactions between vegetation and the
environment. More studies have to be performed within
such perspective allowing the observation of the
sensitivity and adaptation capacity of plants to the altering
biotic, physical and chemical environment. This knowledge
is important because the responses of vegetation to global
changes can be expected to vary among ecosystems in
both, magnitude and intensity, depending on the properties
of the dominant species and because mitigation and
adaptation strategies depend on vulnerability assessments.

However, as diverse types of impacts of global
changes over vegetated systems are recognized and the
interactions between local, regional, and global scales
becomes more documented, skillful forecasts of the
ecosystems responses and vulnerability becomes an
increasingly challenging task. This challenge will require a
greater focus on the assessment and incorporation of the
social and biotical variables on the analysis, since impacts
on vegetation extend far beyond mass and energy trades
into the soil-vegetation-atmosphere, and other
perturbations, such as land use changes and ecological
interactions can have important effects on plant
ecophysiological processes.

For example, considering the biotical aspect, the
interaction among species (plant-plant, plant-insect and
plant-microorganisms) is poorly understood in the context
of the Earth-system science although it may play important
roles in shaping the ecophysiological responses to
environmental variability, determining allocation patterns,
resistance and resilience to stresses. For this reason factors
such as dispersal ability and competition capacity for
nutrients and water, defense against insect herbivory and
plant diseases, and symbiosis with micorhizal or rizobium
will need to be mechanistically implemented and coupled
with functional properties in future modeling approaches.
This task needs to be performed based on experimental data.

Another important consideration within the
possibilities assessed in the present analysis is the
changing picture of land use, and its interactions with
ecosystems functioning and fire occurrence. This is a more
difficult issue to be implemented, since it depends on
anthropogenic pressures. Such variables are clearly
important and will certainly define the fine-scale limitations
on the functional patterns of natural and managed
ecosystems on the landscape. One approach to assess
and include the social component in the future studies is
to question the community about their current knowledge
and reaction to effects due to impacts of the existing
environmental conditions, and this way determine the
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threshold of vegetation to potential human pressures
based in political and economical scenarios.

Further, it is needed to better  develop our
understanding of how information on the leaf, canopy,
ecosystem and globe might be used together in scaling
exercises to generate long-term predictions, based on
relative sensitivity, adaptation capacity, and vulnerability
to global changes. We also need improved models of the
temporal and spatial responses of physiological processes
to environment, because it is increasingly clear that long-
term responses to environmental variability may differ
greatly among plant functional types and possible
feedback on the atmosphere is still uncertain. For the
construction of such models, a broader array of experiments
in contrasting ecosystem types into the regional landscape
is needed; including both whole system manipulations and
more focused experimental treatments at the leaf level. Also
needed is the long-term monitoring through the
development of research networks that will allow spatial
extrapolation and validation of predictions based on
intensive experimental studies.

Clearly, our review presents some possibilities of
comparison and prediction of vegetation responses to
environment in a bottom-up perspective, representing only
a-part-of-the-whole in the Earth-system science. For now,
its main applications are: i) the statement of the complexity
of the vegetation responses at diverse scales; ii) the need
for integrative approaches to study the effects of global
changes that is not just multidisciplinary, but truly
interdisciplinary; iii) the establishment of the main
connections between physiological processes; iv) to know
the limitations and to point out the necessity of the
subsequent studies and, finally, v) as a reminder of the
major constraints on long-term predictions based on
relatively small-area and short-term studies. We think this
knowledge is an important component of the strategy to
understand, simulate, anticipate and, finally, set up
strategies to mitigate and/or adapt the potential effects of
global changes on vegetation.
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