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Abstract

Understanding the physiological mechanisms of response that allow plants to survive under suboptimal condi-
tions such as drought stress is of particular interest, because of global climate change that threat the suitability of
most terrestrial habitats for plant growth, as well as habitat disturbance of desert plants due to water extraction
for human supply. Prosopis tamarugo Phil. of the Pampa del Tamarugal is frequently subjected to drought stress
due to groundwater extraction for urban areas, mining industry and agriculture supply. The aim of this review
is to analyze information concerning the plant growth response to drought stress and specifically P. tamarugo
water relations and growth response to drought stress. P. tamarugo, being a desert plant, has physiological
mechanisms that permit its adaptation to extreme environmental conditions like the Pampa del Tamarugal. It
has mechanisms as osmotic adjustment, that allow some growth through osmoregulation; changes the angle of
its leaflets to avoid high levels of radiation in the afternoon; partially closes its stomata to decrease water loss;

maintains high stomata conductance to deal with increasing temperature and atmospheric demand.
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1. Introduction

One of the most limiting factors of plant growth is
water. Consequently, plants have developed mecha-
nisms to fight stress caused by water limitation. When
an environmental stress factor exceeds the threshold
resistance, the survival of the woody plant may de-
pend on the activation of physiological and biochem-
ical mechanisms of resistance, on the flexibility of
these mechanisms, on the compensatory abilities and
on the intensity and duration of the stressor (Mandre,
2002). At present the mortality rate in most wood-
land community biomes has experienced an increase
associated to increases in temperature and a higher
incidence of drought (Williams et al., 2013), along
with human intervention that can generate stresses in
the future or significantly affect an already stressed
environment (Frelich, 2002). This is the case of Pam-
pa del Tamarugal (Atacama Desert, Chile), a hyper-
arid desert dominated by Prosopis tamarugo, a strict
phreatophyte growing under water table depletion
conditions due to groundwater extraction for urban
areas, mining industry and agriculture supply (Rojas
and Desargues, 2007).

The short effect of low soil water content on plants
has been studied extensively (Schimel ez al., 2007).
Soil water content depletion is known to reduce plant
growth and soil microbial activity due to low water
availability and nutrient diffusion due to water deficit
(Xue et al., 2016).

Water deficit affects a large range of variables and
functions in plants, such as stomata functioning
(Tardieu and Simonneau, 1988), hydric traits as pre-
dawn, mid-day water potential and xylem hydraulic
conductivity (Rood er al., 2000 and Cooper et al.,
2003), and growth traits like twig elongation rate,
leaf shoot ratio and specific leaf area (Lambers, 1998
and Guan et al. 2003).

The stomatal regulation determines water consump-
tion of plants and affects the ability to survive un-
der conditions of drought stress. In a drought stress
condition, the soil and plant water content affect the
opening of the stomata. Some data demonstrated that
stomata remain unaffected until the leaf water poten-
tial drops to some critical threshold value (Hsiao and
Acevedo, 1974). The mechanism of stomatal closure
is considered as one of the highest factors of photo-
synthesis limitation (Flexas et al. 2014). It depends
on the plant stomatal behavior (McDowell et al.,
2008); under drought stress stomatal earliest closure
is typical of isohydric plants. By contrast, anisohydric
plants delay closing their stomata in water shortage
condition, enhancing gas exchange and let the leaf
water potential decrease as the soil water potential is
declining (Tardieu and Simonneau, 1988). Isohydric
plants tend to experience a negative carbon balance,
while anisohydric plants experiment low water poten-
tial which induces hydraulic failure by xylem cavita-
tion and embolism.

Being a desert plant, tamarugo has developed some
mechanisms of adaptation to survive its environmen-
tal conditions. Such mechanisms include the capacity
to maintain high stomata conductance when subjected
to increasing temperature and atmospheric water de-
mand (Lehner et al., 2001; Delatorre et al., 2008) by
partially closing its stomata to decrease water loss and
change the angle of its leaflets to avoid high levels of
radiation in the afternoon (Chavez et al., 2013a); it
has osmoregulation, which is a solute accumulation in
the cells allowing a positive turgor pressure develop-
ment in spite of the low water potential.

In this review, we summarize current understanding
about woody plants growth mechanisms response to
water deficit, with the objective of analyzing the situ-

ation
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of P tamarugo, a phreatophyte growing under
groundwater depletion conditions in the Pampa del

Tamarugal.

2. Review

2.1. Situation of P. tamarugo in the Pampa del Tama-

rugal.

Prosopis tamarugo Phil. (tamarugo) is a native le-
gume tree that grows in the Pampa del Tamarugal,
Atacama Desert, region of Tarapaca, Chile (Acevedo
et al., 1985a). It belongs to the family Leguminosae,
subfamily Mimosoideae. Prosopis is a genus with 44
species, of which three are native to Southeast Asia,
one to tropical Africa (Galera, 2000) and 40 species
are native to America (MINAGRI, 2006). The plants
in this genus occupy large areas of soil and diverse
climates, from humid subtropical to cold xeric, and
from sea level to over 3.000 m altitude (Galera, 2000).
In Chile, 6 species represent the genus. Prosopis
tamarugo is an endemic species that is under threat
of extinction, according to the IUCN (International
Union for Conservation of Nature) and is listed as
vulnerable in the red book of the conservation status
of the Chilean flora (MMA, 2012).

Tamarugo grows in salt flats of arid areas where the
water table depth is between 2 and 18 m (Acevedo
and Pastenes, 1983; Habit, 1985). The species is very
tolerant to salinity and has active nitrogen fixing nod-
ules on its roots (Acevedo et al., 2007).

Tamarugo is a species described as halophyte, tolerant
to high salt levels; it is a deciduous tree, prickly, with
open cup, with two growth habits in the same tree, a
cup formed by rigid and erect branches, and a growth
habit in which the branches tend to bend.

Tree height reaches between 8 and 20 m under favor-
able conditions, 15-20 m of cup diameter and trunks
0.5 to 0.8 m in diameter (Sudzuki, 1985). The foliage
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consists of compound leaves which have glands that
allow movement of the leaflets to cope with radiation
in the environmental conditions in which they live
(Chavez et al., 2013a).

It has a capacity to maintain high stomata conduc-
tance when subjected to increasing temperature and
atmospheric water demand (Lehner et al., 2001; De-
latorre et al., 2008). Chavez et al. (2013a) indicated
that tamarugo is a plant capable of changing the angle
of its leaflets in order to avoid high levels of radiation
in the afternoon. This ability would be associated with
the level of turgor in pulvinar structures in the leaf,
and the authors note that individuals undergoing cer-
tain threshold of drought stress would be less capable
of carrying out this process, therefore being more sus-
ceptible to damage by photoinhibition (Chavez et al.,
2013b and Chavez et al., 2016).

Tamarugo blooms all year around, with a typical spring
bloom that peaks in October and one or two flowering
peaks in winter, between late April and July, varying in
number and intensity (Acevedo et al., 2007).
Tamarugo has a double root system: one pivoting,
deep and made of three to four thick roots lignified
and unbranched, and the other consisting of a large
mass of shallow lateral roots, covering a perimeter ap-
proximately equal to the tree canopy diameter (Sud-
zuki, 1985). The superficial lateral roots are respon-
sible for the accumulation of moisture in the soil in
the area under the canopy of the tree, phenomenon
described as the theory of “water elevator” (Richards
and Cladwell, 1987; Aravena and Acevedo, 1985)
which states that during the night when the stomata
are closed the deep roots absorb water from the wa-
ter table or from wetter areas of soil, and transport
it to the drier surface layers where they release the
water to the soil.

Tamarugo is subjected to drought stress due to ground
water extraction for urban areas, mining industry and

agriculture supply, that is generating depletion of
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the water table of the aquifer (Rojas and Desargues,
2007), and generates an unbalance in the tamarugo

water budget.

2.2. Tamarugo physiological responses to water deficit.

A plant is under stress when it is subjected to a condi-
tion significantly different to the optimal for develop-
ment, the optimum requirement condition is different
among different species and varieties and therefore
they are susceptible to a particular stress (Hsiao and
Acevedo, 1974; Valladares, 2004). Besides the pro-
cess of cell growth, inhibition of cell division, inhi-
bition of wall and protein synthesis, accumulation of
solutes, closing of stomata, and inhibition of photo-
synthesis; drought stress induced by water deficit also
affects leaf water potential, osmotic potential, the rel-
ative water content and transpiration rate of species,
and then twig growth rate. However, the tolerance
range of a species to an unfavorable factor is unique.
In water deficit situations, each species has the ability
to develop its own physiologic responses of adapta-
tion to the environment and the degree of adaptation
to drought may vary considerably within genera or
species. In experiences reported by Sanchez-Blanco
et al. (2002), it is shown how resistance mechanisms
developed by two species to confront a water deficit
situation are different. For example, in Cistus albidus
Phil. the main limiting factor of growth was cell ex-
pansion, whereas in Cistus monspeliensis Phil. pho-
tosynthesis was the limiting factor, but both species
responded to water deficit by developing avoidance
mechanisms based on stomatal closure, a reduction
in leaf area and root hydraulic conductivity, and epi-
nasty, which can be considered as complementary
mechanisms for regulating transpiration. There are
evidences that tamarugo has the ability to regulate its
water demand via partial stomatal closure and through
foliage loss (Chavez et al. 2016; Ortiz et al. 2012).

How plants respond generally to drought stress? The
plants’ response to water stress in terms of their physi-
ology at the entire level is complicated and changes
can be made via adaptive or destructive mechanism
(Khalatbari et al. 2015). Plant species and variety,
duration and intensity of water deficit, environmental
conditions, alterations in water demand from the atmo-
sphere and plant growth as well, are number of factors
that play crucial roles when a plant is under drought
stress (Chaves et al., 2002; Khalatbari et al., 2015).

Chapin (1991) evidenced that all plants respond to
stress of many types in the same way, besides plants
also have a centralized system of stress response that
enables them to respond to any physiological stress,
regardless of the nature of that stress. However, ecolo-
gists and physiologists characterize plants from low-
resource environment to stress in a different way.
According to ecologist view, slow growth, low pho-
tosynthetic rate, and low capacity for nutrient uptake
(Chapin, 1980; Grime, 1977) are suites of traits that
characterize plants from all low-resource environ-
ments like deserts, tundra, shaded understory, and
infertile soils. For physiologists, in addition, change
in hormonal balance, high frequency production of
abscisic acid and less cytokinins are considered as
responses of individual plants to most environmental
stresses (Chapin and Wardlaw, 1988). These hormon-
al changes are considered by the author as the basis of
direct reduced growth in response to environmental
stress and low availability of a resource. Plants always
develop specific mechanisms to respond to specific
stresses; some plants adjust osmotically in response
to salt and drought stress (Morgan, 1984), some others
increase their potential to absorb nutrients in response
to nutrient stress (Lee, 1982), and other plants modify
the quantity and balance of photosynthetic enzymes
in response to shade or light stress (Evans, 1989). In
the case of Prosopis tamarugo, it has been proved its

ability to perform osmotic adjustment for favoring the
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maintenance of a positive pressure potential and an
active metabolism under drought stress (Acevedo et
al., 1985b; Acevedo et al., 1985c). But, no evidences
about hormonal changes and nutrient absorbing poten-
tial in response to stress in tamarugo was reported.

Additionally, water deficit affects many variables and
functions in tamarugo plants, such as stomata function-
ing (Garrido, et al., 2016, Time, 2017), hydric traits
as pre-dawn, mid-day water potential and xylem hy-
draulic conductivity (Garrido et al., 2016; Time, 2017)
and growth traits like twig elongation rate and specific
leaf area (Time, 2017) have been reported. The perfor-
mance of these and other traits and processes, may de-
termine growth capacity and tamarugo plant survival
as suggested by McDowell et al., (2008). However, the
stomatal regulation determines water consumption of
plants and affects the ability to survive under condi-
tions of drought stress. In a drought stress condition,
the soil and plant water content affects the opening of
the stomata. It depends on the plant stomatal behavior
(McDowell et al., 2008); under drought stress, stoma-
tal earliest closure is typical of isohydric plants. By
contrast, anisohydric plants delay closing their stomata
in water shortage condition, enhancing gas exchange
and let the leaf water potential decrease as the soil
water potential is declining (Tardieu and Simonneau,
1988). Isohydric plants tend to experience a negative
carbon balance, while anisohydric plant experiment
low water potential which may induce hydraulic fail-
ure by xylem cavitation and embolism. Referring to
tamarugo, it has been proved that undergoes an aniso-
hydric behavior (Time, 2017) facing drought stress. It
lets the leaf water potential decrease as the soil water
potential decreases (Time, 2017), and the partial sto-
matal closure strategy reported by Chavez et al. (2016)
and Ortiz et al. (2012) was reflected in the tendency
to the decrease of the stomatal conductance. However,
tamarugo can maintain a high stomatal conductance at

low leaf water potential (Time, 2017).
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Additionally, it has been reported that drought stress
affects plant growth in other species, by decreasing
cytokinin transport from roots to shoots and increas-
ing leaf ABA, and these changes in hormonal balance
provoke changes in cell-wall extensibility (Blackman
and Davies, 1985).

However, there are observations that suggest the de-
cline in photosynthesis is not directly responsible for
drought-induced growth declines. According to Hsiao
et al. (1976), the increase of carbohydrate concentra-
tion is product of mild drought stress. Munns et al.
(1982) and Wardlaw (1969), on the other hand, attrib-
uted the decline in leaf growth as a precedent of the de-
cline in dry weight accumulations. According to these
observations, drought may cause a reduction in growth
most directly by altering hormonal balance, but this de-
cline in growth is more associated and interconnected
with changes in plant nutrition, carbon balance, and
water relations. Referring to the carbon balance, chang-
es in carbohydrate demand from growth and respira-
tion and supply from photosynthesis in woody plants
is a reflection of fluctuations in plant carbon balance
(Mitchell et al., 2014). A positive carbon balance oc-
curs in plants when the photosynthesis produces more
carbohydrates than is required by growth, respiration
and defense; subsequently, photosynthesis may decline
in response to these carbon sink limitations (Pinkard
et al., 2011). As mentioned, until now as far as it is
known, there is no work reported on how tamarugo

regulates its hormonal balance under drought stress.

2.3. Stomatal control over Tamarugo plant growth.

The relationship between stomatal opening and leaf
water status has been much documented ultimately.
The stomatal regulation determines water consumption
of plants and affects the ability to survive under condi-
tions of drought stress. In a drought stress condition,

the soil and plant water content affect the opening of
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the stomata. Tardieu and Simonneau (1988) indicated
that the stomatal behavior is regulated by the concen-
tration of abscisic acid (ABA) and that its response
may or may not be regulated by the leaf water potential
(WYL), which in turn is associated to the atmospheric
demand (vpd). The stomatal opening is also depen-
dent on the relationship among hormonal balance and
other factors under good water availability. Thus, par-
tial closure of stomata has been reported in other spe-
cies (Garcia, 2006) when the proportion of ABA was
greater than that of cytokinins. Hence, when water loss
by transpiration cannot be compensated by the water
absorption, a hormonal imbalance is produced, in-
creasing the proportion of abscisic acid, the potassium
concentration in guard cells decreases, they lose tur-
gor and stomata are partially closed. Thus, by closing
the stomata, stomatal conductance decreases limiting
the evaporation of water and reducing the CO, fixa-
tion. On the other hand, the plants have the capacity to
regulate their carbon and water balance under drought
of differing intensities and duration (McDowell et al.,
2008; Allen et al., 2010). When a plant is exposed to
low-intensity but long duration drought, it may main-
tain water status above critical water potential thresh-
olds but deplete stored carbohydrates to lethal limits.
In addition, under high-intensity drought, incapacity
to regulate plant water status above critical thresholds
will promote xylem cavitation and death through de-
hydration (Patrick et al., 2013).

Plant strategies to cope with water deficits are the
product of adaptive traits that enable resistance of plant
functioning to changes in water supply and recovery
when water deficit is relieved (Mitchell et al., 2014).
Gas exchange, growth, water transport and carbon (C)
metabolism reduce during drought according to their
respective sensitivities to declining water status.
Theoretical relationships, based on the hydraulic
framework, between the temporal length of drought

(duration) and the relative decrease in water availabil-

ity (intensity) have been approached by McDowell et
al. (2008) and Allen et al. (2010) in studies on the
mechanisms of drought-related mortality in plants.
McDowell et al. (2008), hypothesized in a general
framework that plant mortality is due to biotic agents,
demographics, hydraulic failure, and carbon star-
vation. In addition, the relevance of these different
mechanisms is related to the intensity and duration of
drought stress. According to McDowell et al. (2008),
the hydraulic-failure hypothesis predicts that reduced
soil water supply coupled with high evaporative de-
mand causes xylem conduits and the rhizosphere to
cavitate (become air-filled), stopping the flow of water
and desiccating plant tissues. Hydraulic failure may
be particularly likely if drought is sufficiently intense
that plants run out of water before they run out of car-
bon. The carbon-starvation hypothesis predicts that
stomatal closure to prevent hydraulic failure causes
photosynthetic uptake of carbon to diminish and the
plant starves because of continued metabolic demand
for carbohydrates. This process may be exacerbated
by photoinhibition or increased respiratory demands
associated with elevated temperatures during drought.
Under water deficit, the plant stomatal regulation
strategy also determines the carbon gain and water
consumption of plants and affects the ability to sur-
vive under conditions of drought stress.

The relationship between CO, assimilation and stoma-
ta opening affected by drought stress has been reported
by many old and recent data. Hsiao (1973) established
that there are nonstomatal effects of stress in suppress-
ing photosynthesis in addition to stomatal effect in
some species when stress is sufficiently severe. He lied
the basis for these effects to alter transport parameters
for CO, from the inter-cellular space to the chloroplast
or the altered ability of chloroplast to photosynthesize,
and to an increase in respiration in the leaf.

Under drought stress, the tamarugo tends to decrease

water loss by partially closing their stomata (Calde-
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ron et al. 2015) in search of a water balance, and a
translocation of assimilates to the root zone may oc-
cur (Lambers et al., 1998).

2.4. Assessing P. tamarugo plant growth through iso-

topic composition analysis.

In nature, there are two stable isotopes of carbon, '2C
(98.982%) and "C (1.108%), and three stable iso-
topes of oxygen, *O (99.759%), 7O (0.037%) and
180 (0.204%) (Dawson et al., 2002), being the '2C
and '°O the most abundant source of stable isotope of
carbon and oxygen respectively. The total abundance
of 13C relative to '>C in plant tissue (isotopic *C com-
position; 3*C) is commonly less than in the carbon
of atmospheric carbon dioxide Farquhar et al. (1982).
Plants have less "*C than the atmospheric CO,, which
is the source of photosynthetic carbon, due to the iso-
topic discrimination (A*C) that occur in the physical
and chemical process during the incorporation of CO,
in the plant biomass. This discrimination occurs in
the isotopic composition of plant tissue and generally,
plants show a positive discrimination (A) against *C.
Natural C, plants have a discrimination of ~ 20 x 10
or 20%o.

ABC gives an integrated indicator of photosynthetic
activity (Farquhar et al., 1982; Dawson et al., 2002);
from the leaf tissue formation and through it, it is pos-
sible to trace the photosynthetic activity of the plants.
When the plants are subjected to drought stress and
close their stomata partially or totally, the partial
pressure of CO, into the leaf (ci) decreases and de-
creases discrimination of C. Therefore, by mea-
suring the AC of leaves formed during a period it
is possible to deduce the behavior of photosynthesis
and stomatal conductance, the higher the value of
A implies high rate of photosynthesis and stomatal
conductance. Nevertheless, variation in 83C may

depend on several other factors than water avail-
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ability. Warren et al. (2001), in a study on the avail-
ability of water and the 8"°C in leaves and wood of
conifers, documented that the §'°C is also affected by
factors such as interception of radiation and concen-
tration of nutrients as well as by water availability.
Evaporation and transpiration processes cause a clear
oxygen isotopic enrichment in soil and leaves, in
the soil-plant system. Aravena and Acevedo (1985)
linked this isotopic enrichment to the source of dif-
ferent isotopic species in the liquid-vapor system.
The isotopic composition of oxygen in the tissues of
the plant (3'%0) reflects the variation in §'*0 of the
source caused by evaporative enrichment, leaf tran-
spiration water and biochemical fractionation oc-
curring during the synthesis of organic matter (Far-
quhar and Lloyd, 1993). High stomatal conductance
of plants is associated with low §'*0 in the same en-
vironmental conditions. On the other hand, in water
deficit situations, low stomatal conductance tends
to be associated with a high & '*O (Barbour, 2007).
ABC and 880 are negatively correlated if AC var-
ies due to changes in the stomatal conductance (Cer-
nusak et al., 2005). However, there is no relation-
ship between APC and 80 if the variation in A”C
is produced by a variation in photosynthetic capacity.
Low 3C discrimination and more enriched '*O was
found by Garrido et al. (2016) in leaf tissue of Pro-
sopis tamarugo subjected to stress due to increased

ground water table depth in the Pampa of Tamarugal.

2.5. Hydraulic drivers of P. tamarugo plant growth

Growth in plant can be defined as an irreversible in-
crease in size. Plant growth has two principal aspects;
a primary growth that includes growth in length of
shoots and roots; and a secondary growth, which im-
plicate the subsequent growth in thickness of stem and
root (Ray, 1965). These kinds of growth are accom-

plished because new cells are continually produced by
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cell division in the meristems. Growth in shoots and
roots is localized in regions at the tips of these organs.
Regions with expanding tissue are called growth zones.
Cell growth implies numerous metabolic aspects and
can be defined as an irreversible expansion of cells.
Cell expansion is possible because of synthesis of
membranes, organelles, proteins and cell-wall ma-
terials always associated with differentiation at the
subcellular level (Hsiao and Acevedo, 1974). Addi-
tionally, turgor pressure has an important role in the
expansive growth. A hydrostatic pressure, acting as
the push from inside is always necessary for the fi-
nal expansion process, after the cell division and/or
when the cell is metabolically prepared to expand.
Growth of plant cells depends upon turgor pressure
and is prevented by conditions that cause loss of
turgor. A positive turgor pressure (¥p) in growth is
important for two principal reasons. First, growth of
plant cells requires turgor pressure to stretch the cell
walls. The loss of Wp under water deficits can explain
in part why cell growth is so sensitive to drought
stress. The second reason positive turgor is important
is that turgor pressure increases the mechanical rigid-
ity of cells and tissues. This function of cell turgor
pressure is particularly important for young, non-
lignified tissues, which cannot support themselves
mechanically without a high internal pressure (Taiz
and Zeiger, 1998). Furthermore, growth is extremely
sensitive to small water deficit because the enlarge-
ment of cells during growth depends on two simul-
taneously occurring processes, the uptake of water
and the increase in area of the cell wall (Nobel, 2009).
Water uptake involves spontaneous water movement
towards sites of lower water potential while the irre-
versible aspect of growth depends on the yielding of
the cell wall material. In this way, Green (1968) in ex-
periments with Nitella found that any change in turgor

pressure causes immediate changes in growth rate.

A simple equation (Equation 1) of Green
(1968), that is always used to describe growth
of cells, can explain in a best way the ex-

treme sensitivity of growth to drought stress:

GR = m(ll’p _ lpth) Equation 1

where GR is growth rate, m is the cell wall extensi-
bility, Wp is tugor pressure and Wth is turgor thresh-
old bellow which growth will not occur.

According to this equation, growth is proportional
to cell extensibility that includes metabolic events
that soften the wall and provide building blocks for
expanding the cell, and to turgor pressure above a
threshold level. The threshold turgor values can be
high, as 0.6 or 0.8 Mpa (Boyer, 1968). Growth tends
to stop before ¥p falls to zero, as consequence of a
finite threshold turgor in developing drought stress
situation (Hsiao and Acevedo, 1974).

However, Green ef al 1971 evidenced that the cell ex-
tensibility and the turgor threshold are not constants,
they may change with changes in water status in a
way to facilitate growth under drought stress, and the
stress may increase the extensibility and decrease the
turgor threshold. If a plant has the ability to raise its
extensibility and lower its threshold turgor, it could be
able to maintain better its growth under water deficit
conditions. It has been evidenced that, under drought
stress situations, any amount of adjustments in these
two parameters in the equation could allow growth
restitution when the turgor pressure falls to zero
(Green et al., 1971). Nevertheless, some plants have
the ability to maintain some growth through osmoreg-
ulation. Acevedo et al. (1985a), evidenced, through
pressure-volume curves, that Prosopis tamarugo has
the ability to perform osmotic adjustment and main-

tains a high relative water content in the leaves at low
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values of water potential, favoring a positive pressure
potential and keeping active its metabolism. They
found turgor pressure at about 0.8 MPa when the soil
water potential varied from -0.06 to -3.0 MPa.

Water makes up most of the mass of plant cells and
each cell contains a large water-filled vacuole. In such
cells the cytoplasm makes up only 5 to 10% of the
cell volume; the remainder is vacuole. Water is the
most abundant resource that plants need to grow and
function; it typically constitutes 80 to 95% of the mass
of growing plant tissues. Cell growth is strongly influ-
enced by water potential and its components, the wa-
ter potential governs transport across cell membranes,
and it is often used as a measure of the water status of
a plant (Taiz and Zeiger, 1998).

The water absorbed by the roots and transported by
the xylem of the tree is transpired by the leaves. How-
ever, during the night, when the stomata are closed
the water status of the tree is recovered, showing an
increase in water potential during the night until dawn
(Caldwell & Richards, 1986). The water potential at
pre-dawn is then the maximum water potential ob-
tained by the tree in a day-night cycle (Ledn, 2002).
Water potential decrease has been observed in con-
ditions of drought stress, both at midday and at pre-
dawn in individuals of Prosopis tamarugo (Garrido et
al., 2016, Time, 2017). Water potential (‘¥w) is also
a measure of how hydrated a plant is and thus pro-
vides a relative index of the drought stress the plant
is experiencing. In leaves of well-watered plants, Yw
ranges from —0.2 to about —1.0 MPa, but the leaves of
plants in arid climates can have much lower values,
perhaps —2 to —5 MPa under extreme conditions (Taiz
and Zeiger, 1998).

Twig growth is directly related to the water status
required for cell elongation and development. Ortiz
(2010), in a study conducted in tamarugos exposed
to different depths of the water table as a result of an-

thropogenic extraction, found a negative association
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between the percentage of green cover (visual notes)
and water table depth. This is consistent with a report
by Ortiz et al. (2012) who negatively associated tama-
rugo activity (measured as normalized difference veg-
etation index, NDVI) with the water table depth, reach-
ing minimum values of activity (NDVI =0.1) when the
water table depth exceeded 10 m. Under similar con-
ditions, Squella (2013) reported a negative association
between the growth of tamarugo shoots and water table
depth, suggesting a threshold value of 11.7 m depth
at which the growth of twigs ceased. These results
indicate that under drought stress, tamarugo activates
mechanisms by which it reduces the transpiring surface
through defoliation (Chavez et al., 2013; Ortiz et al.,
2012) and growth arrest (Squella, 2013). Growth arrest
was observed at a water potential of -3,16MPa under
experimental condition in a water shortage treatment-
for 21 days (Time, 2017). The latter could be associated
with changes in the partition coefficient, prioritizing for
example, reserves storage and/or root growth. Squella
(2013) also reported an increase in 3'%0 of the leaf tis-
sues as the water table increased its depth, indicating a
lower stomatal conductance at a seasonal scale. Twenty
meters of ground water depletion was suggested by
Chavez et al. (2016) to be the critical threshold for the
survival of tamarugo trees in the Pampa of Tamarugal.
The tamarugo trees tend to have a differential response
to a similar drop of the water table (Ortiz et al, 2012;
Chavez et al, 2013b), so that the study of individual
trees is necessary, particularly considering that mature
trees (i.e. bigger in size) have a number of features that
help them maintain their homeostasis under stress.
These features are higher contents of internal water
(capacitance), greater carbohydrate reserves, bigger
root systems, lower transpiration to leaf area ratio,
among others (McDowell et al., 2011). The trees can
also vary in their genetic makeup.

Chavez et al. (2016) reported that the normalized dif-

ference vegetation index in winter and the normalized
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difference vegetation index between mean winter and
summer of the Tamarugo forest declined on average
19% and 51%, respectively, while ground water de-
pleted on average 3 m over the period 1988-2013.
About 5.2% of plants identified in the study area
showed a green canopy fraction (GCF) inferior to
0.25, which was associated with severe drought stress
(Chavez et al., 2016; Decuyper et al., 2016). Further-
more, limited paraheliotropic leaf movement, dehy-
dration and foliage loss was found to be associated
to a ground water depletion inferior to 12 m (Chavez
et al., 2016). Other data showing how groundwater
can induce diverging sensitivity of forest growth and
survival to climate variability have been reported by
Bogino et al, (2011) in other Prosopis in the Argentin-
ian pampas. Where ground water increased growth at
optimum depths about 2—-8 meters but depressed it or
even killed trees when it approaches the surface infe-

rior to 2 meters, according to this study.

3. Concluding Remarks

Prosopis tamarugo is under threat of extinction, be-
cause it is subjected to drought stress due to ground
water extraction for urban areas, mining industry
and agriculture supply, that is generating depletion
of the water table of the aquifer (Rojas and Desar-
gues, 2007), and generates an unbalance in the tama-
rugo water budget. However, tamarugo has the ca-
pacity to maintain high stomata conductance when
subjected to increasing temperature and atmospheric
water demand (Lehner et al., 2001; Delatorre et al.,
2008). Chavez et al. (2013a) indicated that tamarugo
is a plant capable of changing the angle of its leaflets
in order to avoid high levels of radiation in the after-
noon. Referring to drought stress, tamarugo aboveg-

round growth is very sensitive to water deficit.

As some other plants that have the ability to main-
tain some growth through osmoregulation, which is
a solutes accumulation in the cells that allows a posi-
tive turgor pressure development in spite of the low
water potential, Prosopis tamarugo has the ability
to perform osmotic adjustment and maintains a high
relative water content in the leaves at low values of
water potential, favoring a positive pressure potential
and keeping active its metabolism. Under drought
stress, tamarugo tends to decrease water loss by par-
tially closing its stomata in search of a water balance.
Through its anisohydric behavior, facing drought
stress, tamarugo can maintain a stomatal conductance
at low leaf water potential. Lastly, Tamarugo has the
capacity to grow at low leaf water potential, its growth
rate was still measurable at -2,8 and -3,16 MPa due
to its anisohydric behavior and its capacity to adjust
osmotically (Time, 2017). We recommend studies
on hormonal balance of P. tamarugo under drought
stress for a better understanding from a biomolecular
view point of the tamarugo adaptation mechanism to

drought stress.
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