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Abstract: Salt stress is a major challenge for reforestation in arid to semi-arid regions. Therefore the effect of salt stress
was tested in 4-months-old saplings of Eucalyptus camaldulensis under controlled conditions. Individuals were subject-
ed to three levels of salt stress (2, 8, 16 d-Sm™!) and several traits describing growth and dry weight production/alloca-
tion, as well as physiological attributes were measured. The results showed that salt stress had no impact on plant height
or stem diameter. Number of leaves, number of branches, and leaf chlorophyll content decreased significantly under
high salt stress treatment. Leaf dry weight decreased significantly, but root dry weight increased significantly from 6.22
to 8.24 g under high salt stress treatment. Total plant dry weight remained similar while the root/shoot ratio increased
significantly under high salt stress treatment. The net CO, assimilation rate remained stable at ~ 10.1 mmol-m2s™!

-1 under high salt stress. Consequently, water use

and stomatal conductance decreased significantly to 79 mmol-m~2s
efficiency increased significantly to 3.25 mmol-mol~! under high salt stress. Therefore we may conclude that the young
Eucalyptus camaldulensis saplings can tolerate moderate salt stress by increasing dry weight allocation towards the root

system and sustaining the CO, assimilation rate.
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Forests generally provide more than 80% of the sult in a worldwide decrease in forest production,

consumable biomass and cater to more than 50%
of the terrestrial biodiversity (Neale, Kremer 2011).
Forests not only help reduce the atmospheric pol-
lution but also they provide a variety of other prod-
ucts such as wood biomass, paper, and fuel (Harfo-
che et al. 2012). In the context of climate change,
forest plantations are facing different types of en-
vironmental stresses. Global climate is predicted to
change towards longer periods of drought spells,
increased soil salinity, low water availability and
temperature extremes. Such factors are liable to re-

tree growth and survival rate. According to the re-
port presented by IPCC (http://www.ipcc.ch), all
these environmental factors are going to change
for the worse in the future due to global warming
(Shakoor et al. 2011).

Salt stress has become a major abiotic factor that
has reduced the plant growth and productivity of
tree plantations over the past few years (Meloni et
al. 2003; Zhu et al. 2012). The natural response of
autotrophs to high salt stress has been reported for
many decades and many studies have reported the
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salt tolerance mechanism in higher plants (Meloni
etal. 2003; Wang et al. 2011). Previous reports have
revealed that salt stress has negatively affected al-
most 20% of the global cultivated land and about
half of the irrigated lands (Zhu 2001). Increased
salt stress disrupts the photosynthetic system that
may result in retardation of plant productivity (Io-
annidis et al. 2009; Ashraf, Harris 2013). Essah et
al. (2003) reported that plants exposed to salt stress
showed symptoms of metabolic toxicity, nutrient
deficiency and oxidative stress that damaged leaf
tissues and ultimately resulted in early leaf senes-
cence (Zafar et al. 2019). In mature plants, salt
stress can cause hyperosmotic and ionic stress that
causes a significant negative impact on plant mor-
phology and physiology (Ashraf, Harris 2013). Fur-
thermore, prolonged exposure to high salt stress
may result in plant death as water availability de-
creases under salt stress (Hasegawa et al. 2000;
Chaves et al. 2009). Numerous adaptive strategies
to survive under high salt stress have also been re-
ported that include modifications in growth regu-
lators, metabolic/osmotic adjustments and altered
cellular signalling (Bartels, Sunkar 2005). However,
such strategies vary across species and under vary-
ing degrees of stress.

Eucalyptus is native to Australia and has become
an important tree species in Pakistan. A mature
tree stem of Eucalyptus produces reddish-brown
rounded scales that frequently fall off during later
growth stages of tree development. Heartwood is
silver in colour and leaves are long and pointed in
shape with the length varying from 10 to 20 cm
(Flexas et al. 2004). This species has shown an im-
mense growth potential under harsh environmen-
tal conditions around the globe. Pakistan is an arid
to semiarid country with almost 6.67 Mha of land
affected by salinization, which is almost 25% of the
total cultivated area of the country (Ahmad et al.
2012). Almost 40% of the salt-affected area is saline
(increased level of soluble salt; EC > 4 dS-m™!), and
60% is saline-sodic (EC = 4 dS-m™') to sodic (EC
< 4 dS'm™) in nature that are high in Na* ions
(Qureshi et al. 2007). Regarding these circum-
stances, vigilant selection of salt-tolerant species
is of pivotal importance especially in arid to semi-
arid areas. Species vary in the degree of tolerance
towards specific abiotic stress, however, during
the early establishment stage, species are gener-
ally much more susceptible. Therefore, the present
study was conducted to investigate the effect of sa-

linity stress on dry weight production, morphologi-
cal and physiological adjustments of Eucalyptus ca-
maldulensis during the sapling stage.

MATERIAL AND METHODS

Planting material and growth condition. The
experiment was carried out in a greenhouse of For-
est Nursery, Department of Forestry & Range Man-
agement, (31°26'N, 73°06'E; 184.4 m), University of
Agriculture Faisalabad, Pakistan. The temperature
in the greenhouse was around 25 °C and humidity
was 55-60% throughout the experiment. Sixty in-
dividuals of uniform size (4-months-old healthy
saplings) were taken from the nursery. They were
shifted under the shade for one week and then
transplanted into the earthen pots (14 cm and 22 cm
depth). Pots were filled with substrate composed of
peat and sand at a 2:1 ratio. The physicochemical
properties of the substrate used in the experiment
are shown in Table 1. Three levels of artificial salin-
ity, i.e. 2, 8, and 16 dS‘m~!, were developed using
commercially available salt NaCl. These levels of
salinity stress (2, 8, and 16 dS-m™!) were developed
adding commercial NaCl on a weight basis, as 8 kg
of soil was added into each earthen pot and salinity
was measured using an EC meter (accuracy + 1%;
FIELD SCOUT EC 450). In the control treatment
(2 dS'‘m™) no additional commercial salt (NaCl)
was added. In moderate salt stress treatment
(8dS‘m™') and high salt stress treatment (16 dS-m™?)
about 8.424 g and 19.68 g salt were added per kg
of substrate, respectively. During the experiment,
each pot was irrigated with 100 ml of tap water

Table 1. Physicochemical properties of substrate used in
this study

Properties Values
pH (H,0) 6.5
Electrical conductivity (dS-m™1) 2.5
Total soluble solids (TSS) 14.2
Soil nitrogen (m/m%) 0.046
Phosphorus (ppm) 9.8
Organic matter content (m/m%) 0.91
Base saturation (%) 36
Percentage of sand (%) 69
Percentage of silt (%) 18.5
Percentage of clay (%) 12.5
Texture class loam
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(TDS < 1 000 mgl~!; EC 0.15 dS-m™) every day and
was rotated to compensate for the climatic varia-
tions of the greenhouse.

Growth parameters and dry weight produc-
tion analysis. Growth parameters like plant height
(cm) and stem diameter (mm) were measured us-
ing a measuring tape and digital Vernier calliper (to
the nearest 0.02 mm), respectively. Leaf chlorophyll
content was measured using a chlorophyll meter
(SPAD, 502Plus, USA), and the number of leaves
and branches was counted twice a week during the
experiment. At the end of the experiment (after
60 days), plants were harvested and divided into
three sections: leaves, stems and roots. All the
plant samples were packed in plastic bags and fresh
weight was measured (Electronica Balance PCE-]JS
100). Subsequently, all samples were oven-dried
(DGH-9202 Thermal Electric Thermostat drying
oven) at 70 °C to constant weight and oven-dried
weight of each plant section along with total dry
weight was calculated. The root/shoot ratio was
also calculated by dividing the root dry weight by
the leaf + stem dry weight. The biomass alloca-
tion percentage in all the plant sections, e.g. leaves,
stem and roots, was calculated using the following
formula

Leaf gas exchange parameters. One fully de-
veloped and healthy leaf per plant was selected
per treatment and the following leaf gas exchange
parameters were measured: net CO, assimilation
rate (4; pumol CO, m™2s7!), transpiration rate (E;
mmol H,O m™*s~!) and stomatal conductance (g;
umol'm~2s7!), using portable Infrared Gas Ana-
lyzer CIRAS-3 (Amesbury, USA). The temperature
of the leaf chamber was adjusted at 27 °C before
the measurement. Relative humidity was at 64%
and the CO, reference was kept at 400 umol-mol .
Measurements were done under natural sunlight

https://doi.org/10.17221/44/2020-JFS

between 10:00 AM to 2:00 PM. Water use efficiency
was calculated as the ratio between the carbon di-
oxide assimilation rate and the rate of transpiration
(Rasheed et al. 2015).

Statistical analysis. Normality of the data was
tested using Q-Q plots and homoscedasticity was
checked by plotting residuals vs predicted values.
The data was analysed using one-way ANOVA
(STATISTICA 12.1, Satatsoft). Means and standard
error (SE) were calculated, while the significant
differences between treatments were tested using
post-hoc Tukey’s HSD. All tests and correlations
were taken as significant at P < 0.05.

RESULTS AND DISCUSSION

Effect of salt stress on plant growth

Salinity stress had a significant negative impact
on plant growth during the experiment. Treatment
means of growth traits and leaf chlorophyll con-
tent under salt stress are presented in Table 2. No
significant decrease was evidenced in plant height
and stem diameter under salt stress (P = 0.424 and
P = 0.649, respectively). However, the number of
leaves significantly decreased by 11.2% (P < 0.001)
and 27% (P < 0.001) under moderate and high salt
stress treatments, respectively. The number of
branches also decreased significantly (P = 0.023) by
8.03% and 25% under moderate and high salt stress,
respectively. Leaf chlorophyll content remained
similar to the control under moderate stress but it
decreased significantly by 13.6% under high stress
treatment (Table 2).

The effect of salinity stress on plant growth in-
cludes changes in morphological attributes such
as plant height, stem diameter, number of leaves.
Plants respond to salt stress in two distinct phases
with time or age. The first phase is marked by os-

Table 2. Growth parameters and leaf chlorophyll content in Eucalyptus camaldulensis examined under three levels

of salt stress (2, 8, and 16 dS-m™)

Parameters Control Moderate stress High Stress F-value P-value

Plant height (cm) 48.1 +3.78* 46.8 £ 3.48* 44.3 + 2.76* 2.04 P =0.148
Stem diameter (mm) 2.10 £ 0.67* 2.22 £0.76* 1.98 + 0.20* 0.438 P =0.649
Number of leaves 26.6 + 2.40° 23.6 + 1.89° 19.4 +2.11° 4.76 P <0.001
Number of branches 4.23 +0.27° 3.89 + 0.13% 3.17 £ 0.22¢ 2.74 P=0.023
Leaf chlorophyll content 51.5+0.85° 50.9 + 0.61* 44.5 + 0.45P 11.9 P <0.001

Variability of parameters was analysed using one-way ANOVA; means are presented with their standard errors and small

letters represent differences between treatments tested using post-hoc Tukey’s test; all tests were taken significant at P < 0.05
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Table 3. Dry weight production (leaves, stem and roots) of Eucalyptus camaldulensis saplings examined under three

levels of salt stress (2, 8, and 16 dS-m™!)

Parameters Control Moderate stress High stress F-value P-value

Leaf fresh weight (g) 16.1 + 1.32° 15.5 + 1.23? 12.2 + 1.28P 4.23 P =0.025
Leaf moisture content (m/m %) 45.0 £ 0.752 43.8 £ 0.56° 42,6 + 0.34° 4.92 P <0.001
Leaf dry weight (g) 8.85 £ 0.672 8.71 £ 0.58* 6.85 + 0.75° 4.82 P =0.018
Stem fresh weight (g) 18.8 + 1.842 16.5 + 1.85° 16.1 + 1.83* 3.03 P =0.064
Stem moisture content (m/m %) 48.1 £ 0.57a 45.8 +0.48 44.9 + 0.31° 4.31 P =0.016
Stem dry weight (g) 9.75 £ 0.842 8.93 £ 0.872 8.86 £ 0.43* 3.33 P =0.056
Root fresh weight (g) 11.8 + 1.94* 13.2 £ 0.97* 14.8 + 0.88* 2.75 P =0.081
Root moisture content (m/m %) 47.2 +0.22? 41.1 £ 0.78> 43.8 + 0.52° 3.87 P =0.035
Root dry weight (g) 6.22 + 0.89° 7.78 + 0.56° 8.34 + 0.66 4.92 P =0.005

Variability of parameters was analysed using one-way ANOVA, means are presented with their standard errors and small

letters represent differences between treatments tested using post-hoc Tukey’s test, all tests were taken significant at P < 0.05

motic changes and the second phase is the phase of
ionic changes (Munns, Tester 2008). The osmotic
stress directly affects plant growth parameters as
the salt concentration increases the threshold lim-
its around the root zone. Previous studies have
demonstrated that in some species, osmotic stress
of 40 mM NaCl induces Na* toxicity that influences
leaf growth especially in old leaves (Munns, Tes-
ter 2008). Decreases in the thickness of periderm,
phloem tissue, and xylem tissue as well as in the
diameter of the pith were also demonstrated un-
der salt stress (Boughalleb et al. 2009). In Populus
deltoides, 25% decrease in total dry weight was evi-
denced under high salt stress treatment (Zafar et
al. 2018). Similarly, Niazi et al. (1985) reported the
inhibitory effect on the growth of Leucaena due to
a high salt concentration. Moreover, studies have
reported that NaCl concentrations of 1 500, 3 000
and 6 000 ppm significantly decreased the growth
parameters of Leucaena plants e.g. up to 50% un-
der high concentrations (Hansen, Munns 1988). In
Terminalia arjuna, plant height decreased by 8.6%
and 22.9% under moderate and high salt stress con-
ditions, which is in contrast with the findings of
the present study where Eucalyptus camaldulen-
sis showed no significant decrease in plant height
in moderate or high salt stress treatment. As ex-
plained by Munns et al. (2006), the decrease in plant
growth under salt stress is due to the following two
factors: the first is the intensity of salt stress, and
the second is the salt-specific or ion excess effect.
In order to survive under different intensities of salt
stress, various plant species have developed vari-
ous mechanisms (Munns 2002). Mass and Hoff-

man (1977) showed that the plants do not decrease
their biomass until the threshold level of salt stress
is reached, after which the biomass decreases lin-
early with increasing salinity. In accordance with
these works, the results showed that Eucalyptus
camaldulensis saplings can tolerate the salt stress
up to 16 dS-m~L. Also, there is a trade-off recorded
in the aboveground biomass allocation that favours
plant height and stem diameter at the expense of
the number of leaves and the number of branches.

Effect of salt stress on dry biomass production
and allocation

The leaf fresh weight and leaf dry weight remained
unaffected under moderate stress, however, they de-
creased significantly by 24.2% and 22.5% under high
salt stress treatment, respectively (Table 3). Stem
moisture content decreased significantly under both
moderate and high salt stress treatment. Stem fresh
weight and dry weight showed no significant change
under moderate or high salt stress treatment. It is
interesting that root fresh weight increased by 10.6
and 20.2% under moderate and high salt stress treat-
ment, respectively. Root moisture content decreased
significantly under moderate and high salt stress
treatment. Consequently, root dry weight increased
significantly by 20% and 25.4% under moderate and
high salt stress, respectively.

The root/shoot (R : S) ratio increased signifi-
cantly (P < 0.005) by 37.7% under high salt stress
treatment. Although the leaf and stem dry weight
allocation decreased significantly (P = 0.012
and P = 0.015) under high salt stress treatment
(Table 4), the root dry weight allocation increased
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Table 4. Total dry weight production and allocation in Eucalyptus camaldulensis saplings examined under three levels

of salt stress (2, 8, and 16 dS-m™)

Parameters Control Moderate stress High stress F-value P-value

Total plant dry weight (g) 24.8 + 1.08? 25.4 + 0.922 24.0 + 0.992 3.88 P =0.082
R:S ratio 0.33 + 0.0632 0.44 + 0.041* 0.53 + 0.034° 4.42 P =0.005
Leaf biomass allocation (%) 35.6 + 0.892 34.2 + 0.992 28.4 + 1.22b 4.12 P=0.012
Stem biomass allocation (%) 39.1 +£1.21° 353 +1.11° 36.8 + 1.08" 4.09 P =0.015
Root biomass allocation (%) 25.0 + 0.89° 30.6 + 0.45° 34.6 + 0.22°¢ 4.87 P <0.001

Variability of parameters was analysed using one-way ANOVA, means are presented with their standard errors and small

letters represent differences between treatments tested using post-hoc Tukey'’s test, all tests were taken significant at P < 0.05

significantly (P < 0.001) by 18.3% and 27.7% under
moderate and high salt stress, respectively.

The fresh weight of various plant sections is con-
sidered an important indicator for salt stress toler-
ance in plant species. The species that show higher
fresh weight under salt stress show faster growth
under saline conditions. Species under salt stress
generally show a significantly increased root fresh
weight as the increased root development helps in
nutrient and water uptake, therefore, species tend to
invest more biomass to roots and develop their root
system under abiotic stresses (Lynch 1995).

Globally, the root biomass represents almost
32-65% of the worldwide terrestrial net primary
production (Abramoff, Finzi 2015) and is exclu-
sively responsible for the transport of water and
other important minerals from the soil (Norby et
al. 2004). Roots are also involved in nutrient up-
take, storage and supply to the other parts of the
plants (Ouimet et al. 2008). Therefore, a signifi-
cant increase in the R : S ratio is a very common
response in tree species under increased salinity
(Alvarez, Sanchez-Blanco 2014).

Our results are also in line with the previous find-
ings where an increase in root biomass production
was reported in P deltoides under increased salt
stress (Zafar et al. 2018). Similar results regarding
the R : S ratio were reported by Ferndndez-Garcia
et al. (2014) and Glaeser et al. (2016). Furthermore,
Zafar et al. (2019) found that the R : S ratio remained
similar to the control under moderate salt stress, but
a significant decrease of the R : S ratio was found un-
der high salt stress in Terminalia arjuna saplings. In
this study, the observed increase in root dry weight
with an increase in salt stress is in line with the pre-
vious results in P. deltoides (Zafar et al. 2018).

In this study, total plant dry weight showed
no variation across the salt stress treatments
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(P = 0.082; Table 4). Similar results were reported
by Zafar et al. (2018), where P. deltoides showed a
significant decrease in total biomass at an electrical
conductance of 12 dS-m}, and no differences were
found in total biomass production at an electrical
conductance of 6 dS-m™ of salinity. On the contrary,
in Terminalia arjuna, although stem and leaf bio-
mass production was reported to decrease even un-
der moderate salt stress, total biomass production in
the control and under moderate salt stress treatment
was found to be similar (Zafar et al. 2019).

Therefore, results of the present study reaffirm
that various plant species have different tolerance
levels to salt stress because of varying degrees of
ionic usage of salts for osmotic adjustments (Koyro
2006). According to the results of this study, Eu-
calyptus camaldulensis saplings showed a consid-
erable degree of adaptability under moderate salt
stress in terms of total dry biomass production and
allocation.

Effect of salt stress on physiological attributes
The physiological attributes showed significant
variation across the treatments. Net CO, assimi-
lation rate remained similar (P = 0.724) across the
treatments (Figure 1A) and remained at almost
10.1 pmol'm=%s~! under both moderate and high
salt stress treatments. However, salt stress also had
a negative impact on stomatal conductance that de-
creased significantly (P = 0.007) under both moderate
and high salt stress treatments. The maximum value
of 154.2 mmol-m~2s! was observed under control
conditions which decreased to 101.5 mmo-m-2.s7!
under moderate stress and to 79.4 mmolm2s7!
under high stress treatment (Figure 1B). Stomatal
conductance decreased by 35.2% and 48.4% under
moderate and high stress treatments, respectively.
The transpiration rate showed a similar trend like



Journal of Forest Science, 66, 2020 (11): 452-460

Original Paper

https://doi.org/10.17221/44/2020-JFS

14
(A)
13
12 a a
= _ a
v 11
HIE 5 T
— 10
: | =
2 9 < =
<
8 1
7
6
7.0
C
6.5 a ©)
6.0
55
2 50
|
E 45 b
5]
E 40 b
) - T
3.5
3.0 X
2.5 =
2.0
Control M Stress H Stress

g (mmol-ms)

WUE (pmol-mol1)

180

160

140

120

100

80

60

-4.0
(D)

35

3.0

25

2.0

=

1.5

1.0

Control M Stress H Stress

Figure 1. Physiological parameters: A — net CO, assimilation rate (A); g, — stomatal conductance (B); E — transpiration
rate (C); WUE — water use efficiency in Eucalyptus camaldulensis (D) under Control (2 dS'm~!); moderate (M. Stress
— 8 dS'm™) and high salt stress (H. Stress — 16 dS ‘m™!). Parameters were analysed using one-way ANOVA. Lower and
upper whiskers represent the minimum and maximum value and lower and upper limits of the box represent the first
and the third quartile, respectively. Mean value is indicated with “x” and horizontal bar within each box represents the
median value for the whole data set. Homogeneous groups defined by Tukey’s HSD test are presented with small letters

stomatal conductance and decreased significantly
(P = 0.005) with an increase in salt stress (Figure 1C).
Due to a significant decrease in the transpiration
rate under both moderate and high salt stress treat-
ments, water use efﬁciency (ratio between net CO2
assimilation rate and transpiration rate) increased
significantly under both moderate and high stress
treatment (Figure 1D).

It has been well documented that variation of
water use efficiency depends upon the relative
increase or decrease in net CO, assimilation rate

and transpiration rate (Rasheed et al. 2013; 2015).
In this study, results showed that in Eucalyptus
camaldulensis saplings, the observed variation in
water use efficiency was mainly driven by the varia-
tions in transpiration rate rather than in net CO,
assimilation rate. According to Farquhar and Shar-
key (1982), species regulate a water loss through
the transpiration rate by adjusting their stomatal
aperture and maintain an optimum plant water po-
tential. These adjustments help species to maintain
an optimum net CO, assimilation rate, however,
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under extreme conditions, such adjustments may
also lead to a significant decrease in the net CO,
assimilation rate (Zafar et al. 2019). Although in
this study stomatal conductance decreased signifi-
cantly under salt stress, this decrease had no im-
pact on the net CO, assimilation rate under either
treatment. These results concur with the previous
findings where no impact was found in net CO, as-
similation under salt stress (Rawat, Banerjee 1998;
James et al. 2002).

As the plant response to salt stress largely de-
pends upon the duration and intensity of salt stress
(Munn et al. 2009), we argue that the salt stress ap-
plied in this study was not high enough to cause a
decrease in the net CO, assimilation rate. However,
a significant decrease in the transpiration rate ob-
served in this study clearly indicated that the rapid
stomatal response is an important tolerance strat-
egy in Eucalyptus camaldulensis to cope with the
induced salt stress. These results are in line with
the previous results reported by Abbruzzese et al.
(2009) in white poplar and Zafar et al. (2019) in
Terminalia arjuna.

In the present study, water use efficiency increased
significantly in both the moderate and high stress
treatments, which concurs with the previous stud-
ies where increased water use efficiency under saline
conditions have been evidenced in needle-shaped as
well as broad-leaved species (Ferrio et al. 2003; Ad-
ams, Kolb 2004).

However, the observed increase in water use ef-
ficiency under salt stress was mainly due to a de-
crease in the transpiration rate which is in line with
the previous studies (Arndt et al. 2001; Zafar et
al. 2019). Therefore, we may conclude that young
saplings of Eucalyptus camaldulensis can tolerate
moderate salt stress due to increased production
of root biomass and increased water use efficiency
under moderate salt stress treatment.

CONCLUSION

The study showed that saplings of Eucalyptus ca-
maldulensis under salt stress reduced biomass alloca-
tion to leaves and stem in favour of roots, but total
plant dry weight produced under all the treatments
remained similar. The R : S ratio increased under mod-
erate and high salt stress treatments as compared to
the control. The net CO, assimilation rate remained
unaltered while the transpiration rate decreased sig-
nificantly under moderate and high salt stress.
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Consequently, water use efficiency increased sig-
nificantly under medium as well as high salt stress
treatment. Results indicate that a considerable in-
crease in the allocation of biomass to roots in Eu-
calyptus camaldulensis could have significant im-
plications in the breeding strategies, as well as in
selection of a suitable species for introduction into
salt affected areas.

ACKNOWLEDGEMENT

We are thankful to Dr. Hafiz Naeem Asghar, In-
stitute of Soil and Environmental Science, Univer-
sity of Agriculture Faisalabad, for providing a leaf
gas exchange system and to Prof. Dr. Charles Ruff-
ner SIU, USA for English editing.

REFERENCES

Abbruzzese G., Beritognolo I., Muleo R., Piazzai M., Sabatti
M., Scarascia Mugnozza G., Kuzminsky E. (2009): Leaf
morphological plasticity and stomatal conductance in
three Populus alba L. genotypes subjected to salt stress.
Environmental and Experimental Botany, 66: 381-388.

AbramoffR.Z., Finzi A.C. (2015): Are above and below ground
phenology in sync? New Phytologist, 205: 1054—1061.

Adams H.D., Kolb T.E. (2004): Drought responses of conifers
in ecotone forests of northern Arizona: tree ring growth
and leaf d'3C. Oecologia, 140: 217-225.

Ahmad K., Saqib M., Akhtar J., Ahmad R. (2012): Evalua-
tion and characterization of genetic variation in maize
(Zea mays L.) for salinity tolerance. Pakistan Journal of
Agricultural. Science, 49: 521-526.

Alvarez S., Sanchez-Blanco M.]J. (2014): Long-term effect of
salinity on plant quality water relations photosynthetic
parameters and ion distribution in Callistemon citrinus.
Plant Biology, 16: 757-764.

Ashraf M., Harris P. (2013): Photosynthesis under stressful
environments: an overview. Photosynthetica, 51: 163—190.

Bartels D., Sunkar R. (2005): Drought and salt tolerance in
plants. Critical Review in plant Science, 24: 23-58.

Boughalleb F., Denden M., Tiba B.B. (2009): Anatomical
changes induced by increasing NaCl salinity in three fodder
shrubs, Nitraria retusa, Atriplex halimus and Medicago
arborea. Acta Physiologiae Plantarum, 31: 947-960.

Chaves M.M., Flexas J., Pinheiro C. (2009): Photosynthesis
under drought and salt stress regulation mechanisms from
whole plant to cell. Annals of Botany, 103: 551-560.

Essah P. A., Davenport R. J., Tester, M. (2003): Sodium influx
and accumulation in Arabidopsis thaliana. Plant Physiology,
133:307-318.



Journal of Forest Science, 66, 2020 (11): 452-460

Original Paper

https://doi.org/10.17221/44/2020-JFS

Farquhar G., Sharkey T.D. (1982) Stomatal conductance
and photosynthesis. Annual Review of Plant Physiology,
33:317-345.

Ferniandez-Garcia N., Olmos E., Bardisi E., Garma G.D.L.,
Lopez-Berenguer C., Rubio Asensio J.S. (2014): Intrinsic
water use efficiency controls the adaptation to high salinity
in a semi-arid adapted plant henna (Lawsonia inermis L.).
Journal of Plant Physiology, 171: 64—75.

Ferrio J. P, Florit A., Vega A., Serrano L., Voltas J. (2003):
d3C and tree ring width reflect different drought responses
in Quercus ilex and Pinus halepensis. Oecologia, 137:
512-518.

Flexas J., Bota J., Loreto F,, Cornic G., Sharkey T.D. (2004):
Diffusive and metabolic limitations to photothesis under
drought and salinity in C3 plants. Plant Biology, 6: 269—279.

Glaeser L.C,, Vitt D.H., Ebbs S. (2016): Responses of the
wetland grass, Beckmannia syzigachne to salinity and soil
wetness consequences for wetland reclamation in the oil
sands area of Alberta Canada. Ecological Engineering,
86: 24-30.

Hansen E. H., Munns D.N. (1988): Effects of CaSO, and NaCl
on growth and nitrogen fixation of Leucaena leucocephala.
Plant and Soil, 107: 95-99.

Harfouche A., Meilan R., Kirst M., Morgante M., Boerjan W.,
Sabatti M., Scarascia Mugnozza G. (2012): Accelerating the
domestication of forest trees in a changing world. Trends
in Plant Science, 17: 64—-72.

Hasegawa P.M., Bressan R.A., Zhu J.K., Bohnert H.J. (2000):
Plant cellular and molecular responses to high salinity.
Annual Review of Plant Physiology and Plant Molecular
Biology, 51: 463-499.

Ioannidis N., Ortigosa M., Veramendi ., Pint o-Marijuan M.,
Fleck 1., Carvajal P, Kotzabasis K., Santos M., Torne M.
(2009): Remodeling of tobacco thylakoids by over-expres-
sion of maize plastidial transglutaminase. Biochimica et
Biophysica Acta (BBA) Bioenergetics, 1787: 1215-1222.

James R.A., Rivelli A.R., Munns R., von Caemmerer S. (2002):
Factors affecting CO, assimilation, leaf injury and growth
in salt-stressed durum wheat. Functional Plant Biology,
29:1393-403.

Koyro H.W. (2006): Effect of salinity on growth, photosynthe-
sis, water relations and solute composition of the potential
cash crop halophyte (Plantago coronopus L.). Environmen-
tal and Experimental Botany, 56: 136—146.

Lynch J. (1995): Root architecture and plant productivity.
Plant Physiology. 109: 7—13.

Mass E.V., Hoffman G.J. (1977): Crop salt tolerance current
assessment. Journal of irrigation and Drainage Division,
103:115-134.

Meloni D.A., Oliva M.A., Martinez C.A. (2003): Photosyn-

thesis and activity of superoxide dismutase peroxidase and

glutathione reductase in cotton under salt stress. Environ-
mental and Experimental Botany, 49: 69-76.

Munns R. (2002): Comparative physiology of salt and water
stress. Plant, Cell & Environment, 25: 239-250.

Munns R., Tester M. (2008): Mechanisms of salinity tolerance.
Annual Review of Plant Biology, 59: 651-681.

Munns R., James R.A., Lauchli A. (2006): Approaches to
increasing the salt tolerance of wheat and other cereals.
Journal of Environmental Botany, 57: 1025-1043.

Neale D.B., Kremer A. (2011): Forest tree genomics growing
resources and applications. Nature Review Genetics, 12:
111-122.

Niazi M.L.K., Haq M.L, Malik K.A. (1985): Salt tolerance
studies on ipil ipil (Leucaena leucocephala) cv. K-8. Paki-
stan Journal of Botany, 17: 43—47.

Norby R.J., Ledford J., Reilly C.D., Miller N.E., Oneill E.G.
(2004): Fine-root production dominates response of a de-
ciduous forest to atmospheric CO, enrichment. Proceeding
of the National Academy of Science of the United State of
America, 101: 9689-9693.

Ouimet R., Camiré C., Brazeau M., More ].D. (2008): Estima-
tion of coarse root biomass and nutrient content for sugar
maple, jack pine, and black spruce using stem diameter
at breast height. Canadian Journal of Forestry Research,
38:92-100.

Qureshi A.S., McCornick P.G., Qadir M., Aslam Z. (2007)
Managing salinity and waterlogging in the Indus Basin
of Pakistan. Agricultural Water Management, 95: 1-10.

Rasheed F, Dreyer E., Richard B., Brignolas F., Montpied P,
Thiec D.L. (2013): Genotype differences in 3C discrimina-
tion between atmosphere and leaf matter match differences
in transpiration efficiency at leaf and whole-plant level in
hybrid Populus deltoides x nigra. Plant, Cell and Environ-
ment, 36: 87—-102.

Rasheed F., Dreyer E., Richard B., Brignolas F.,, Brendel O.,
Thiec D.L. (2015): Vapour pressure deficit during growth
has little impact on genotypic differences of transpiration
efficiency at leaf and whole plant level: an example from
Populus nigra L. Plant Cell & Environment, 38: 670-684.

Shakoor U.A., Saboor L.A., Mohsin A.Q. (2011): Impact of
climate change on agriculture empirical evidence from
arid region. Pakistan Journal of Agricultural Sciences, 48:
327-333.

Wang L., Mu M., Li X, Lin P., Wang W. (2011): Differentiation
between true mangroves and mangrove associates based
on leaf traits and salt contents. Journal of Plant Ecology,
4:292-301.

Zafar Z., Rasheed F.,, Shaheen F., Hussain Z., Anwaar H.A.,
Rizwan M., Mohsin M., Qadeer A. (2018): The influence of
salt stress on growth and biomass production of Populus

deltoides. International Journal of Bioscience, 13: 191—197.

459



Original Paper

Journal of Forest Science, 66, 2020 (11): 452—460

Zafar Z., Rasheed F., Delagrange S., Abdullah M., Ruftner C.
(2019): Acclimatization of Terminalia Arjuna saplings to
salt stress: characterization of growth biomass and pho-
tosynthetic parameters. Journal of Sustainable Forestry,
39:76—91.

Zhu K. (2001): Plant salt tolerance. Trends in Plant Science,
6: 66—71.

460

https://doi.org/10.17221/44/2020-JFS

Zhu Z., Chen J., Zheng H.L. (2012): Physiological and pro-
teomic characterization of salt tolerance in a mangrove
plant, (Bruguiera gymnorrhiza L.) Lam. Tree Physiology,
32:1378—1388.

Received: April 13, 2020
Accepted: September 8, 2020



