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Abstract Our review focuses on the projections of
climate change in the Brazilian semiarid region, the
Caatinga, based on recent publications about global
climate change and biology. We found several
vulnerable points in the initial estimates, the main
one being that the data were collected and analyzed
without a multidisciplinary knowledge. This review
discusses several studies that show the current knowl-
edge in many semiarid regions around the world.
Some of these studies argue for the increase in
vegetation greenness responses even under severe
and prolonged drought, based on the high resilience
the Caatinga native species show under severe drought
conditions over the years. Additionally, we include in
this review recent data produced by our group on key
ecophysiological variables under drought conditions.
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We also show successful examples of deforested areas
recovery in the semiarid region of the Central
America. It is critical that the recovery of semiarid
areas is coupled with the implementation of socio-
environmental policies, engaging the local population
and providing subsidies for life wealth improvement.
These are key aspects for a long-term recovery and
conservation of the Brazilian dry tropical forest.
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1 Introduction

In the tropical regions, rainforests have been more
widely studied than dry forests, even though approx-
imately 42 % of tropical forests around the world are
dry tropical ones (Murphy and Lugo 1986; Miles et al.
2006; Quesada et al. 2009; Espirito-Santo et al. 2009;
Santos et al. 2011).

The semiarid region in Northeast Brazil covers
735,000 km?, and it comprises one of the major national
ecosystems, namely Caatinga (Rodal and Sampaio
2002; Silva et al. 2004a, b; Giullieti et al. 2006; Gariglio
et al. 2010; Santos et al. 2011; Albuquerque et al. 2012;
Lopes et al. 2012). The word refers to a large
geographical area comprising different vegetation types
under a dry tropical climate. This is one of the most
populated and biologically diverse semi-arid regions in
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the world. Much research has been carried out in the
region, particularly regarding the systematic of flora and
fauna, but much remains to be studied in all fields,
especially over long periods. A variety of anatomical,
morphological and ecophysiological features combine
to ensure great water use efficiency and to support a slow
and safe growth of the plants (Machado et al. 1997,
Mansur and Barbosa 2000; Silva et al. 2004b; Giullieti
et al. 2006; Souza et al. 2009; Figueiredo et al. 2012;
Lima et al. 2012).

According to the Forth Assessment Report by the
Intergovernmental Panel on Climate Change (AR4
IPCC 2007), the climate scenarios suggest the main
threat to the Caatinga is increasing in aridity. The
semiarid region of northeastern Brazil is densely
populated with approximately 27 million habitants
distributed with sub region averages of 20-30 inhab-
itants per km? (Gariglio et al. 2010). The main energy
source for most of those people is burning wood from
the native vegetation. As a consequence, large areas
are threatened by high rates of anthropic damage
(Silva et al. 2004a, b; Gariglio et al. 2010; Griscom
and Ashton 2011). The implementation of proper
management systems, which could guarantee a rea-
sonable degree of preservation and also sustainable
uses, suffers from the lack of long-term multidisci-
plinary studies (Quesada et al. 2009; Stoner and
Sanchez-Azofeifa 2009; Santos et al. 2011; Albuquer-
que et al. 2012; Lopes et al. 2012).

This review presents some of the ecophysiological
characteristics that allow the development of most
plants in Caatinga and discusses how they may be
important in an increasingly unstable climate.

1.1 Global climate change and forest ecosystems

Some scenarios are presented in the literature on the
response of plant species to global climate change:
(i) C5 crops have increased CO, assimilation rates as
shown by several controlled studies (Leakey et al.
2009), under non-limiting conditions, (ii) increased
mortality of tree species in all continents around the
world, especially in wet forests, but also in dry forests
(Allen et al. 2010; Phillips et al. 2010; Suresh et al.
2010), and (iii) increased biomass in the last 20 years
in dry regions (Donohue et al. 2013). The subject of
debate around the world is the cause of these three
different situations, and a consensus has not been
reached because contradictory results have been
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reported due to different experimental setups in the
same study area (Biintgen and Schweingruber 2010).

Tree species of rainforests have low tolerance to
water stress due to their adaptation to high precipita-
tion, and more homogeneous occurrence, throughout
the year. In the last two decades, some prolonged
drought events led to the death of several species in
different forests on all continents, including the
Amazon (Marengo et al. 2008; Allen et al. 2010; Costa
et al. 2010; Markewitz et al. 2010; Phillips et al. 2010;
Marengo et al. 2011; Liu et al. 2013). For 7 years, an
experiment was conducted in the Amazon rainforest,
excluding rainwater on the ground, which produced
several sets of published data (Asner and Alencar 2010;
Costa et al. 2010; Markewitz et al. 2010; Metcalfe et al.
2010; Phillips et al. 2010). This experiment showed the
effects of prolonged drought on tropical rainforest
plants, including rare data on the deep root system of
trees (Markewitz et al. 2010). Notably, this study is the
only long-term study assessing root traits in the most
important tropical rainforest in the world. Long-term
multidisciplinary studies are necessary to make reli-
able predictions of the plant’s adaptation strategies and
responses to climate variation in a dry forest. Isolated
case studies are critical to evaluate responses at species
level, although it is hard to predict what will happen to
the ecosystem in the long term without an integrated
multilevel approach.

As confirmed by analysis of satellite images
between 1982 and 2010, increased green areas in the
last two decades have been reported in arid and
semiarid regions on different continents, in spite of
more than usual prolonged drought events occurring in
some of these areas, including the Brazilian semi-arid
region (Donohue et al. 2013). These authors argued
that the data might be explained by increases in air CO,
concentration, which would provide greater intrinsic
water use efficiency, i.e., higher CO, uptake with lower
stomatal conductance. Several studies have concluded
that dry tropical forests are an important sources of
stored carbon (Gibbs et al. 2007; Chaturvedi et al.
2011; Harris et al. 2012). Furthermore, the tropical dry
forest represents 41 % of the land surface hosting
approximately 38 % of the world population, when
considering all the subtypes of the dry areas around the
world. Moreover, at least 20 % of the major hotspots
for plant diversity worldwide belong to dry tropical
forests (Huber-Sannwald et al. 2012; Maestre et al.
2012).
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After 2003, a network of collaborative research
started a long-term study in different dry tropical forests
in neotropical regions, including Caatinga (TROPI-
DRY project). Our group, which includes ecophysiol-
ogists, plant ecologists, animal ecologists, and soil
researchers, is a multidisciplinary team that collected
data for the first long-term project to assist in the
discussion of the current and future behavior of
Caatinga (see acknowledgments). Furthermore, we
would like to emphasize that experimental and model
studies need to be complementary and that projects and
their specific objectives have been planned together to
reduce the level of uncertainty (Friend 2010).

Campos et al. (2013) using satellite mapping,
discussed the variation in rainwater use efficiency
and vegetation resilience after prolonged drought
periods. Discussions in other dry forests in the world
contrast in terms of carbon sequestration in these
regions (Prince et al. 2007). These research groups
diverge when discussing the importance of carbon
sequestration in semiarid areas. Vegetation in these
areas has been classified as unable to mitigate the
greenhouse effect (Rotenberg and Yakir 2010). In
contrast, Donohue et al. (2013) suggested that climate
change has benefited plants with increasing green
mass in semiarid regions and carbon gain in some
areas. Furthermore, mature forest have been suggested
to be important stocks of carbon (Chaturvedi et al.
2011) mitigating global climate change (Gibbs et al.
2007; Harris et al. 2012).

After 19 years evaluating a tropical dry forest in
Indian Territory, researchers have concluded that the
main cause of death of adult trees is fire, followed by
elephant attacks as the main herbivore damage (Suresh
et al. 2010). Events of prolonged drought in this area
have also caused plant death but in a longer time
interval than that observed in other types of forests.
This study reinforced the importance of a long-term
study when evaluating forest ecosystems, especially
dry tropical forests because many years are necessary
to detect climatic changes in semiarid areas.

The majority of forecasts on climate change has
highlighted frequent and extensive drought events and
also rises in the average temperature by 2050 (IPCC
2007), which would lead to behavior changes of some
species and increased desertification in some regions,
including the Caatinga region. However, further
analysis taking into account other variables that the
most common models do not use, such as wind speed,

relative humidity and longwave solar radiation (cal-
culated by using the Penman—Monteith method), has
shown little change in areas affected by drought in the
last 60 years (Sheffield et al. 2012). The IPCC revised
the forecasts in early 2012, and most of the authors
involved agreed that there were several sources of
uncertainty in these data. Almost one decade of results
in the drought controlled experiment in the Amazon
rainforest contradict many predictions based on
different dynamic global vegetation models
(DGVMs), indicating the importance of long-term
field studies.

This review is focused on the Caatinga, the
Brazilian dry tropical forest (DTF), looking at the
plant morphological, anatomical and ecophysiological
traits that may confer drought tolerance. We suggest
that the native vegetation is able to support long
drought events together with high temperature and we
present data from ongoing and mostly unpublished
studies from two locations in two states in the
Northeastern region of Brazil (Fig. 1).

1.2 Plant species, study site and growth conditions
1.2.1 Plant species

We studied the following eight species, including
among them four trees, three shrubs and one herbaceous
plant: Sida galheirensis Ulbr., Malvaceae, Hyptis
suaveolens Poit., Lamiaceae, Poincianella pyramidalis
[Tul.] L. P. Queiroz, Fabaceae, Anadenanthera colu-
brina [Vell.] Brenan, Fabaceae, Cynophalla flexuosa
[L.] J. Presl, Capparaceae, a broadleaf evergreen,
Jatropha mollissima [Pohl] Baill., Euphorbiaceae, the
exotic Jatropha curcas L., Euphorbiaceae, and Prosopis
Jjuliflora [Sw.] DC., Fabaceae, an invasive species.

1.3 Serra Talhada: site of study in the state
of Pernambuco, Brazil

The studies were carried out at the Saco Farm located
at the Agronomic Institute of Pernambuco (IPA)—
7°54'35"S and 38°17'59”W and 430 m altitude. The
climate is BSh type according to Kdeppen classifica-
tion, with the average annual precipitation of 750 mm,
occurring during the summer and fall rainy season.
The studied vegetation has approximately 20 years of
spontaneous recovery after using the area as
pastureland.
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Fig. 1 Map of the Caatinga -80
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Since the beginning of the millennium rainfall in
this region had been in the usual range, not far from
the long-term average. However, rainfall was above
the average from 2009 to 2011 and far below the
average in 2012 and 2013 (Fig. 2a). In 2013, 500 mm
of rainfall occurred from January to June, which was
an extremely irregular rain pattern, impairing the
development of some tree species and turning local
agriculture impossible for two consecutive years. Our
study began in this location in 2010 and the lowest
soil moisture availability was noticed in 2011
(Fig. 2b). The average air temperature varied in
accordance to the annual precipitation, and an increase
of approximately 4 °C was noticed since 2002. A
slight temporary decrease in air temperature was
found in 2011 when rainfall was double the recorded
average.
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1.4 Santa Terezinha: site of study in the state
of Paraiba, Brazil

The studies were carried out at the Tamandua Farm
located in the county of Santa Terezinha, Paraiba
State, Brazil, 400 km from the coast and at an altitude
of 240 m (7°1'31”S and 37°23'31.8”"W). The owner
has preserved the native vegetation in an area larger
than 900 ha, approximately 1/3 of the farm area, and
established a legal reserve and a Private Reserve of
Natural Patrimony (RPPN) in July 1998. The climate
is characteristic of semiarid regions with an average
annual rainfall of 800 mm concentrated in a short
period of 2—4 months. Measurements were performed
in plots set up in areas at an early successional stage
(15 years of regeneration after land use as pasture), an
intermediate stage (37 years of regeneration after land
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Fig. 2 Climate conditions .
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use as pasture) and a late stage of regeneration (at least
60 years after land use as pasture).

During the past 13 years, the rainfall was lower than
the average in 2001, 2010, 2012 and 2013. In the last
2 years, it rained only 1/3 of the expected amount and the
highest rainfall occurred in 2009 (Fig. 2c). Extremely
low rainfall in two consecutive years, 2012/2013 was
directly reflected in the soil moisture availability
(Fig. 2d). Herbaceous and tree species were monitored
in different areas during this period, and some of them
failed to complete the reproductive cycle, but survived.
In both locations, some of the seasonal small rivers did
not run in the last 2 years, which directly influenced the
groundwater reserve. The average air temperature
remained stable with only a slight increase in the last
2 years, which was not observed in Serra Talhada.

1.5 Tolerance to reduced leaf water potential
in native species

The two main environmental factors that directly
influence the leaf water potential are the air vapor
pressure deficit (VPD) and soil moisture. Caatinga

plants experience 8—10 dry months a year, and the soil
of most areas are very shallow. Moreover, a high VPD
exists in this region most of the year. Most of plants in
the Caatinga are deciduous, that is, lose all their leaves
during the dry season as a strategy to cope water loss
(Machado et al. 1997; Barbosa et al. 2003; Lima et al.
2012). Moreover, the xylem of most of these species
tolerates high negative pressure (Mansur and Barbosa
2000; Silva et al. 2004b), which can reach —6.0 MPa
during the dry period (Fig. 3).

In the Caatinga diverse vegetation, plants have
different strategies to deal with extreme conditions,
e.g. water storage capacity in the stem (Borchert 1998;
Borchert and Pockman 2005; Lima et al. 2012). These
authors showed that wood density directly influences
the amount of water stored. Plants with lower wood
density hold more water, resulting in leaf water
potentials that vary less throughout the year. Contras-
tingly, high-density wood species are more stressed
during the dry season. In humid tropical forests,
mortality after severe drought events is higher in
arboreal species with low wood density, regardless the
stem diameter (Phillips et al. 2010). In contrast, the
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Fig. 3 Leaf water potential (‘1) of three species in Serra
Talhada PE Brazil, during the rainy (February) and dry
(December) seasons, from 2010 to 2012. a Native (A.
colubrina); invasive (P. juliflora). The values are means of
February 2010-2012 and December 2010-2011. b Evergreen C.

few evergreen species observed in the Caatinga have
high wood density and do not reach extremely
negative water potential like the deciduous species
(Lima et al. 2012) (Fig. 3b). This small group of
evergreen species has other characteristics besides the
wood density to keep their leaves during the dry
season. As we will discuss later, these species
maintain high resilience of gas exchange even under
severe drought.

In some areas, the most drastic drought in 50 years
occurred during 2012 and 2013, affecting significantly
the behavior of the groups of species mentioned above.
Evaluation of water potential under two VPD conditions
during the day in one herbaceous H. suaveolens, one
shrub S. galheirensis and one tree P. pyramidalis species
showed that water potential varied with the area conser-
vation state (Fig. 4). Areas with more than 60 years of
regeneration maintained the highest soil water availabil-
ity (data not shown), which allowed the occurrence of the
highest leaf water potential in the three species. Under the
severe and prolonged drought of 2012, these areas had the
lowest soil moisture availability and P. pyramidalis had
the lowest leaf water potential (Fig. 4a).

In a tropical dry forest area, variation of soil
physical structure has a significant influence on both
soil and plant water potentials (Markesteijn et al.
2010). Another factor contributing to the low values of
soil moisture in this type of forest is the increased soil
evaporation due to leaf loss of plants during the dry
season (Markesteijn et al. 2010; Lima et al. 2012).
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flexuosa. The values are means of December 2012 (dry season)
as well as April and June 2013 (rainy season). Morning and
afternoon represent measurements taken at 6:00 am and
1:30 pm, respectively. Each value is the mean of five trees
(£SE) (unpublished results)

For two consecutive years, a native (A. colubrina)
and invasive (P. juliflora) species of the Caatinga were
evaluated during the dry and rainy seasons. Both
species have high wood density, but differed in leaf
water potential in the dry season (Fig. 3a). The native
species lost its leaves early in the dry season, and the
invasive species showed partial leaf loss throughout
this season. Although A. colubrina has lost completely
its leaves at the end of the rainy season, it shows lower
leaf water potential during the dry season when
compared to P. juliflora. Borchert and Pockman
(2005) argued that the diameter of xylem vessels
varies among species and influences the xylem
hydraulic conductivity. The hydraulic conductivities
of xylem and leaves have been identified as key
features of drought tolerance in several species
(Chapotin et al. 2003; Brodribb et al. 2010; Bartlett
et al. 2012).

The maintenance of cell turgor is critical in
semiarid conditions and the ability to maintain this
state for longer periods is an important trait to
differentiate tolerance and growth rate among species.
Baobab trees (Adansonia spp.), common in African
semiarid regions, are able to store water and use it over
long periods of drought. This species exhibits a strong
reduction of leaf gas exchange at noon, reducing the
water loss and increasing the water use efficiency
(Chapotin et al. 2000).

The tolerance of dry forest native plants to low
water potential has multiple factors involved, not only



Theor. Exp. Plant Physiol.

Fig. 4 Leaf water potential Time of day
() of three species in Santa Lo - .
Terezinha PB Brazil, during 0 Poincianella pyramidalis 0 Morning Afternoon
the rainy season of 2012 and
2013. Measurements were 1
. ) -1t 1f
performed in areas with =
three increasing recovery [ =
stages: initial, intermediate \% 2r % 27
and later. a, b P. > —
pyramidalis, a woody 3t > 3t R
species; ¢ H. suaveolens, a A P. pyramidalis
herbaceous; and d S. 415012 -4 } T Initial B
galheirensis, a shrub. Mornin B Intermediate 2013
Morning and afternoon & 0 3 Later
represent measurements [ ———
taken at 6:00 am and
1:30 pm, respectively. Each -
value is the mean of five s
plants (£SE) (unpublished g 2t
results) %
> 3t
_4 | H. suaveolens C
2013
[
1t
£
= :
=
3L
4| S galheirensis D
2013

including the stomatal control but also morpho-
anatomical and hydraulic characteristics, photosyn-
thetic efficiency and maintenance of leaf metabolism
under low water availability through photo-protective
mechanisms and high water use efficiency.

1.6 Cuticle composition: importance to mitigate
leaf turgor loss

The maintenance of cell plant turgor depends on both
the root system and shoots with the former involved in
water uptake from the ground and the latter avoiding
excessive water loss to the atmosphere. In this context,
Caatinga plants have large variation in the composi-
tion of epicuticular wax (Oliveira and Salatino 2000;
Oliveira et al. 2003; Figueiredo et al. 2012) as well as
morphological and anatomical characteristics

(Fig. 5a, b). The cuticle plays a fundamental role
against water loss, but little has been reported under
field conditions with respect to its ecophysiological
role. The cuticle is composed of three major constit-
uents, being one of the main barriers for diffusion
located within the waxy skin and having less than
1-pum thick (Kerstiens 1996).

The association of morpho-anatomical and eco-
physiological studies has improved our understanding
of plant tolerance to adverse semiarid conditions.
When present in the same semiarid region, two species
of Euphorbiaceae, the native J. mollissima and the
exotic J. curcas showed different morphological and
anatomical leaf characteristics (Fig. 5a, b). The native
species had different epicuticular wax composition
and morphology and larger leaf surface trichomes than
the exotic species (data not shown). Under controlled
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Fig. 5 Electron
microscopy of the adaxial
epidermis of leaves. a J.
curcas; b J. mollissima; ¢ P.
Jjuliflora; and d A. colubrina.
The leaves were sampled
during the rainy season of
2011 in Serra Talhada PE
Brazil (unpublished results)

conditions with removal of the leaf surface epicutic-
ular wax, the species mentioned above showed
different leaf gas exchange and leaf relative water
content values. Such differences occurred not only
between the two species but also among different
leaves of the same individual (Figueiredo et al. 2012).
Higher leaf gas exchange was reported in the native
species when the wax was present under drought
stress, emphasizing its importance under semiarid
conditions.

In fact, the importance of the cuticle has been
emphasized in the literature not only for Caatinga
plants (Oliveira and Salatino 2000; Oliveira et al.
2003; Costa Filho et al. 2012; Figueiredo et al. 2012)
but also for species of other vegetations (Jeffree et al.
1971; Jetter and Schéfer 2001; Ni et al. 2012). The wax
buildup around the stomatal pore is species-dependent
and has been observed to reduce water loss (Jeffree
etal. 1971; Jetter and Schéfer 2001, Shope et al. 2008).
The chemical composition of n-alkane chains and the
amount of accumulated wax are key to the efficiency
of reducing epidermis transpiration, affecting the
stomatal conductance (Figueiredo et al. 2012). The
composition and amount of wax varies when the plants
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are submitted to water stress and under various
seasonal conditions as shown for the four species
(two native, one exotic and one invasive species)
grown in the same field (Fig. 5).

1.7 Gas exchange, carbon emission and stock
under tropical forest

The water flow through plant tissues to the atmosphere
is at the order of 40,000 km® year™' representing,
approximately, 70 % of global terrestrial evaporation
(Brodribb et al. 2010). Water mechanical conductivity
through leaves is a complex issue and is difficult to
understand, especially if it is analyzed with isolated
tools. Studies involving anatomy, morphology and
ecophysiology are needed. In such context, the
stomatal behavior is a key adaptation factor among
dry tropical forest plants, influencing the primary
productivity, growth rate and carbon storage.
Efficiency of carbon uptake and storage in forest
ecosystems is an important research issue, enhanced
by the difficulty in correctly measure the flux and stock
changes in both soil and vegetation. A comparison
among different forest types around the world showed
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that the total carbon stored in forests is 1150 Gt, with
49 % in boreal forest, 14 % in temperate forests and
37 % in tropical forests (Malhi et al. 1999). Boreal
forests accumulate most of the carbon in the soil as
organic matter and, whereas the vegetation is the big
compartment in humid tropical forest. The vulnera-
bility of these stocks has been debated due to changes
in climate and land use (Malhi et al. 1999; Chaturvedi
et al. 2011).

One recent study using satellite images showed that
the carbon emission from deforestation in a tropical
region between 2000 and 2005 was 25-50 % of
previously published data (Harris et al. 2012). This
study showed carbon emissions and forest cover loss
in Latin America, the Caribbean, Sub-Saharan Africa,
South Asia and Southeast Asia. Out of 15 countries,
Brazil had the highest carbon emission during this
period. Brazil and Indonesia accounted for 55 % of
total emission from tropical deforestation. This study
concluded that the main source of Brazilian emission
is the Amazon Forest. Nevertheless, the intensification
of new approaches in the Brazilian agricultural system
has reduced the deforestation in some regions, at least
in the Southeast region. However, the analysis of data
since 1960 has shown that new areas are being
occupied in the Cerrado ecosystem (central/western
region) and that deforestation has decreased due to
economic reasons (Barretto et al. 2013). Recent data
published by the Brazilian Government has shown a
reduction of deforestation in the last decade for most
biomes. However, among the biomes Cerrado, Atlan-
tic Forest, Caatinga, Pantanal and Pampa, the Caatinga
was the third largest emitter of carbon during the
period 1994-2002 (MCTI 2013).

The following two possibilities can be used to
mitigate carbon emission: create new carbon drains
and/or preserve existing ones. The speed with changes
is occurring endangers the fragile biodiversity of
various ecosystems. The need for protection of these
as well as an increased number of protected areas is
clear as an emergency solution in the short-term (Silva
et al. 2003; Loarie et al. 2009). This endangerment
reinforces the need for changes in Caatinga, where
deforestation is the main cause of damage to the
ecosystem and results mainly from the consumption
by poor people of wood as a fuel source (Gariglio et al.
2010). Burning plant residues after deforestation
reduces biomass and biodiversity of the regenerating
vegetation (Sampaio et al. 1998), and contributes

directly to the greenhouse effect. Suppression of fire is
the most important practice to regenerate dry tropical
forests, as has been observed in Costa Rica (Powers
et al. 2009).

Some of the greatest paucities among published
data on Caatinga are values of leaf gas exchange and
carbon storage in vegetation and soil (Sampaio et al.
2010). The discussion on the efficiency of carbon
sequestration by tree canopy is extensive and contro-
versial (Buitenwerf et al. 2012; Donohue et al. 2013),
as occurs for the largest tropical rainforest in the
world, the Amazonia (Asner and Alencar 2010;
Marengo et al. 2011), and especially for dry forests
(Rotenberg and Yakir 2010; Donohue et al. 2013;
Newingham et al. 2013).

The impacts of extreme drought events, causing
extensive death of tree species, are reported for both
tropical rain (Phillips et al. 2010; Liu et al. 2013) and
dry tropical forests (Rotenberg and Yakir 2010).
However, due to the different study types and scales
used to evaluate the different ecosystems, there is
controversy about the importance of the death rates in
dry forests. Therefore, dry forest can be of great
importance in the chain of carbon sequestration
(Buitenwerf et al. 2012; Donohue et al. 2013; New-
ingham et al. 2013).

In general, the use of wood as a fuel source and
subsequent land use as pasture in the Brazilian areas
occupied by dry forest has frequently led to the
abandonment of the areas (Silva et al. 2003; Gariglio
et al. 2010). In many places, soil erosion and
salinization results in degraded soils and desertifica-
tion may be the consequent evolution in many of these
places. In Brazil, 62 % of the areas subject to
desertification are within the Caatinga region (MMA
2007).

Although not quantified, the increase in net photo-
synthetic rates of plants due to increase in air CO,
concentration has been pointed as the main cause of
increased green areas between 1982 and 2010 in
semiarid regions (Donohue et al. 2013). If plants in
these regions are considered to maintain high intrinsic
water use efficiency, i.e., the maximum CO, assimi-
lation under minimum stomatal conductance, the
increase of CO, in the atmosphere could benefit these
plants (Leakey et al. 2009).

In fact, native pioneer desert plants showed
increased water use efficiency after 10 years under
elevated CO, concentration in the atmosphere
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(Newingham et al. 2013), and this situation occurs
with some native species of the Caatinga. Under the
severe drought in the past 2 years (Fig. 2), the leaf gas
exchange of three species of different growth habits
were measured during the rainy season in three areas
with different conservation status (Figs. 6, 7). The leaf
gas exchange of P. pyramidalis trees in April 2012
were approximately 10 times lower than those
observed in 2013 (Figs. 6a—c, 7a—c) due to low soil
moisture (Fig. 2). In April 2013, there was a strong
rainfall prior to the sampling, and the rapid response of
the native P. pyramidalis tree proved the high adaptive
capacity, increasing the photosynthetic rate in 5-6
times.

The vegetation successional stage in the Santa
Terezinha site affected the gas exchange of shrub and
herbaceous species, such as S. galheirensis and H.
suaveolens respectively (Fig. 7e-1). The shrub plants
growing in the most recovered area showed lower leaf

@ Springer

gas exchange as compared to plants under initial
recovery. In such condition, the herbaceous species
had the lowest leaf gas exchange values. The initial
ecophysiology assessment of the species indicated a
high ability to tolerate prolonged drought events.
However a broad scenario cannot be extrapolated,
which is another difficulty due to the diversity and
reduced ecophysiological studies of this ecosystem
(Albuquerque et al. 2012; Lopes et al. 2012). Accord-
ingly, proposed scenarios indicate, out of the increase
in mean and extremes temperature, the reduction of
precipitation average in Caatinga (Marengo et al.
2009a, b).

Under the climatic conditions of Serra Talhada, J.
mollissima (a native shrub species), J. curcas (an
exotic shrub species), A. columbrina (a native arboreal
species) and P. juliflora (an invasive arboreal species)
showed different gas exchange behavior between 2010
and 2011 (Fig. 8). J. curcas showed higher rate of CO,
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assimilation at the beginning of the dry season and a
lower rate of leaf loss than J. mollissima, with these
trends being supported by an increased stomatal
conductance. This strategy generally results in exces-
sive water loss by exotic species. Younger plants of
both species presented similar gas exchange under
greenhouse conditions (Figueiredo et al. 2012). These
shrubs had different epidermis morphological features
(Fig. 5a, b) and high stomatal conductance (Fig. 8a),
resulting in low leaf relative water content (data not
shown) in the exotic species. Among the tree species,
the gas exchange was not associated with the leaf

water potential (Figs. 3b, 8d—f) in the invasive species,
being a result of other factors such as the amino acid
content, sugar content, morpho-anatomical character-
istics of leaves (Fig. 5c, d).

In addition to the deciduous species (Machado et al.
1997), there are a small number of evergreens in the
Caatinga (Lima et al. 2012). It is unknown how the
leaves maintain C; photosynthetic metabolism under
semiarid climate condition. C. flexuosa is an evergreen
tree with broad leaves, significant leaf thickness and
high wood density, with no variation in leaf water
potential throughout the year (Lima et al. 2012), even
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under the severe droughts of 2012 and 2013 (Fig. 2).
The leaf water potential of C. flexuosa remained
relatively high compared to other tree species with
different deciduous degrees in the same area (Fig. 3),
supporting high gas exchange with high water use
efficiency even in the dry season (Fig. 9). In fact, a set
of factors acting in an integrated way is probably
required to maintain the photosynthetic rates through-
out the day and during severe and prolonged droughts.
Among the factors, we may cite: biochemical, mor-
phological and anatomical features, including epider-
mis and stomatal density, hydraulic conductivity, and
leaf mesophyll conductance (Borchert 1998; Mott and
Buckley 2000; Oliveira et al. 2003; Borchert and
Pockman 2005; Souza et al. 2009; Brodribb et al.
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Species

P. juliflora
Species

2010; Figueiredo et al. 2012; Rivas et al. 2013; Flexas
et al. 2013).

1.8 Recovery of degraded areas

There is not enough data to affirm how most Caatinga
species will behave under global climate change
(Marengo et al. 2009a, b). However, the Brazilian
dry forests may disappear, and desertification of these
areas may increase, leaving only a few protected areas.
The pressure over the native areas might increase
without government policies against the poverty
imposed to many families, the main cause of defor-
estation in the region. Among the Brazilian ecosys-
tems, Caatinga is the least protected, hosting only
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Fig. 9 Leaf gas exchange of evergreen C. flexuosa during the
rainy and dry seasons (2012-2013) in Serra Talhada PE Brazil:
stomatal conductance (g, in a); net CO, assimilation rate (A, in
b); transpiration (E, in ¢); water use efficiency (WUE, in d).
Measurements were taken in November 2012 (dry season) and
April and June 2013 (rainy season). The photosynthetic photon
flux density (PPFD) during measurements was 130, 1500,

7.1 % of its territory in conservation units and having
0.2 % of its land belonging to Indian groups. Only 1 %
of the Caatinga is considered to be under a full
protection and the private reserves (RPPN) represent
0.08 % of the ecosystem territory (Silva et al. 2003,
MMA 2008).

Recovery of deforested areas is difficult anywhere
for many reasons (Miles et al. 2006, Marengo et al.
2009a, b; Quesada et al. 2009; Friend 2010; Phillips
et al. 2010; Rotenberg and Yakir 2010), especially in
this ecosystem due to climatic conditions, lack of
protection for the new reforested areas, and lack of
investments in technology for such purpose (Gariglio
et al. 2010).

Studies aimed at understanding the ecological,
ecophysiological and edaphoclimatic features of this
area based on knowledge created by studies of plant

2000 pmol m2s™! at 6:00, 10:00 am and 01:00 pm in
November; 300, 1100, 1700 pmol m™* s™" at 6:00, 10:00 am
and 01:00 pm in April; and 1100 and 230 pmol m~2 s~ at
06:00, 10:00 am in June. The measurements of leaf gas
exchange were not possible due to weather conditions at
13:00 h in June. Each value is the mean of five trees (£SE)
(unpublished results)

systematics (Machado et al. 1997; Barbosa et al. 2003;
Giullieti et al. 2006; Albuquerque et al. 2012; Lopes
et al. 2012) should lead to significant advances in the
broad knowledge of Caatinga (Benko-Iseppon et al.
2011). Such studies have only been initiated and begin
to build a database with lower uncertainty due to
multidisciplinary advances. Studies on Caatinga are
needed to find alternatives for the local population to
explore the natural resources in a sustainable manner
(Gariglio et al. 2010; Huber-Sannwald et al. 2012;
Maestre et al. 2012). The exploration of new drugs
extracted from native species offers promising per-
spectives (Albuquerque et al. 2012) as well as explo-
ration of oils from seeds, such as licuri palm, for
multiple uses (Tadeu et al. 2008; Pinho et al. 2009). Use
of exotic species with multiple economic potential may
aid in maintaining native forest because they represent a
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source of products with high economic added value.
The following are examples of such exotic species:
Moringa oleifera (Rivas et al. 2013) with oil quality and
potential to become a source of biofuel on a subsistence
scale, Calotropis procera (Frosi et al. 2012) as a source
of numerous drugs, and Opuntia ficus-indica (Falcao
et al. 2013) as a forage source to support livestock
production. Many native species have high economic
potential and some already provide commercial pro-
ducts extracted from the native vegetation but are not
cultivated, such as Umbu, whose fruits are largely sold
in local markets (Silva et al. 2008).

As has been performed in the last decades in the
Amazon rainforest through groups organized in
cooperative systems, the Brazilian semiarid region
needs policies to operate sustainably. These policies
should aim at maintaining the families in rural areas
but guaranteeing that they profit from a minimally
decent quality of life. Despite several possibilities for
coexistence of preservation and exploration in semi-
arid regions, only few actions have been conducted in
relation to Caatinga and the Brazilian semiarid region
(Gariglio et al. 2010).

In parallel to the studies aimed at improving the life
of thousands of Brazilians in semiarid region, a
reforestation program based on scientific knowledge
needs to be implemented. If there is not enough data
about Caatinga at this time, information can be
gathered from dry tropical forests in Central America
where the recovery of several areas has been attempted
with success. In this region, soil degradation after
years of deforestation led many farmers to sell their
properties. The new owners are generally interested in
attracting tourism to the Pacific Ocean coast and they
support reforestation of large areas. Some techniques
have shown significant results, such as the use of
species that tolerate fire, promote shading and attract
dispersers. This provides a favorable environment for
the sprouting and or introduction of species to restore
biodiversity (Griscom and Ashton 2011). Similar
advances have been attained in the recovery of
Brazilian Atlantic Forest (Rodrigues et al. 2009). We
previously mentioned that fire is a major problem in
dry tropical forests, including the Caatinga. So, the
first step is to avoid fire, especially in areas of initial
recovery after pasture abandonment. Finally, there is a
necessity of robust research institutions that integrate
the needs of society and ecological care in Brazil
(Nobre et al. 2008).

@ Springer

Conclusions about possible consequences of global
climate changes in semiarid regions have been hastily
published. Furthermore, lack of multidisciplinary
studies exaggerates these conclusions, especially the
statements on factors that require complex analyses,
such as behavior of plant species under environmental
stresses. The available ecophysiological data lead us to
believe that some Caatinga species are prepared to go
through periods of severe drought, however, could not
support the current level of unsustainable. Finally, the
current fragile union between science and politics is
the most worrisome among the treats on Caatinga.
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