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Abstract
Aims Growth and physiology of Salix matsudana x S.
alba and E. camaldulensis were evaluated in vertical
saline gradients to test whether growth is determined by
the mean salinity of rhizosphere, the average salinity
weighed by the root number in each portion of the soil,
the lowest or the highest rhizosphere salinity.
Methods Saplings were grown in pots with an original
irrigation system determining upper and lower soil
layers with a combination of 4 treatments: control, mod-
erate homogeneous salinity (Ho), and heterogeneous
salinity, with high concentration of NaCl in the upper
(HeU) or in the lower soil layer (HeL).
Results E. camaldulensis saline treatments decreased
Ψpre-dawn and Ψosmotic. HeU and HeL did not decrease
stem growth (RVG), but HeL reduced root biomass in
lower soil layer. Ho treatment reduced RVG (50%),
increasing leaf senescence and altering some ions con-
centration (but not Na+). In Salix sp., Ho decreasedΨpre-

dawn and chlorophyll content, increasing leaf senescence

and Cl− concentration resulting in low leaf biomass.
HeL also decreased plant total biomass.
Conclusions Lower concentration of salt homoge-
neously distributed in soil profile would have more
effect than high salt concentration but restricted to one
soil layer. The negative impact of high salinity would be
higher if salts are in deeper than in upper soil layers. Salt
tolerance thresholds would then depend more on the salt
spatial distribution in the soil than on its average con-
centration along the rhizosphere.

Keywords Soil salinity gradients . Eucalyptus
camaldulensis . Salix matsudana x S. alba BNZ 26992^ .
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Abbreviations
0% DLB Fully green leaves without

apparent damage biomass
0% DLB/TLB Proportion between 0%DLB

and TLB
1–50% DLB Leaves biomass with

senescence symptoms in
less than the 50% of their
surface

1–50%DLB/TLB Proportion between 1 and
50% DLB and TLB

50–100% DLB Leaves biomass with
senescence symptoms in
more than the 50% of
their surface

50–100%DLB/TLB Proportion between 50
and 100%DLB and TLB
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C Control, pot irrigated with
tap water

EC Electrical conductivity of the
soil

HeL Salt gradient with higher EC
in the lower layer

gs Stomatal conductance
HeU Salt gradient with higher EC

in the upper layer
Ho Homogeneus salt

distribution
L Lower soil layer of the pot
LRB Root biomass in the lower

soil layer
LRB/TRB Proportion between LRB

and TRB
RVG Relative volume growth
SB Stem biomass
ShB Shoot biomass, SB + TLB
ShB/TB Proportion between ShB and

TB
TB Total biomass, ShB + TRB
TLB Total leaves biomass
TRB Total root biomass
U Upper soil layer of the pot
URB Root biomass in the upper

soil layer
URB/TRB Proportion between URB

and TRB
Ψpre-dawn Pre dawn shoot water

potential
Ψosm Osmotic potential

Introduction

Soil salinity, resulting from natural processes or
from crop irrigation with saline water, occurs in
many arid to semi-arid regions of the world
(Läuchli and Epstein 1990). This problem affects
more than 80 million ha of arable land worldwide
(Munns and Tester 2008; Ismael et al. 2014), with
estimated annual global costs equivalent to several
thousand million dollars each year (FAO 2011).

Horizontal and vertical variations in the salinity of the
soil solution occur because of the interplay between soil
leaching events, which are triggered by rainfall, irrigation
and water infiltration; and the evapo-concentration of

solutes, due to evaporation from moist soil surfaces and
water extraction by roots (Bennett et al. 2009). Along
with the above mentioned, another common cause of
increased soil salinity is the upward ion movement due
to the development of shallow water tables as a result of
over irrigation or the loss of deep-rooted perennial veg-
etation. In these landscapes water and ionsmove from the
shallow groundwater to the soil surface, particularly at
times of high evaporative demand (Ghassemi et al. 1995;
Bleby et al. 1997; Northey et al. 2006), generating a
vertical gradient characterized by more salts in relatively
deep layers than in upper ones, opposed to the type of
vertical gradient resulting from irrigation with saline
water. Furthermore, salt becomes progressively concen-
trated in the root zone. Roots of most glycophyte plants,
unlike halophytes, absorb water but very little salt, there-
fore reaching a different threshold of salt accumulation
depending on the tolerance of the species to the stress
produced by soil salinization (Nosetto et al. 2008). Salt
heterogeneity in soil can be further exacerbated by the
fact that dissolved salts can interact with the solid soil
matrix (e.g. through adsorption) and also precipitate
when their concentration exceed their solubility (e.g.
common in soils with high gypsum content, Robbins
et al. 1980).

Although soil salinity is heterogeneously distributed
in horizontal as well as in vertical gradients, consequently
affecting differentially the root zone, most greenhouse-
based studies of plant physiological responses to salinity
have been investigated within uniform salinity conditions
in the growing substrate (e.g. Flowers and Colmer 2008;
Munns and Tester 2008). Improvements in methodolog-
ical approaches, trying to mimic more realistic conditions
have been applied in several studies in which plants are
subjected to heterogeneous salinity distribution through
BSplit-Root^ experiments. In these experiments, the root
system is divided into two or more portions which are
exposed to different salinity conditions generating salt
gradients in horizontal distribution (e.g. studies in non-
halophytic crop species: Zekri and Parson 1990; Shani
et al. 1993; Flores et al. 2002; Dong et al. 2011;
Koushafara et al. 2011; Kong et al. 2012; studies in
halophytes: Messedi et al. 2004; Hamed et al. 2008;
Bazihizina et al. 2009; Bazihizina et al. 2012b).
However, few studies have been carried out emulating
the vertical gradients of soil salinity (exceptions are
studies in alfalfa by Shalhevet and Bernstein 1968, and
in sweet corn by Bingham and Garber 1970) but none
research has proven these vertical gradients in a woody
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species. Studies concerning vertically heterogeneous sa-
linity are very limited presumably due to difficulties in
applying and maintaining treatments (reviewed in
Bazihizina et al. 2012a). However, given that vertically
heterogeneous salinity is the more common phenomenon
in saline landscapes there is a need to develop new
protocols and methods to fill this gap in knowledge.

Based on this information, in this study we have
developed a new and cheap experimental system which
is able to create different vertical salinity gradients in
pots. The species chosen to study the effects of different
vertical salinity patterns on physiological and morpho-
logical responses were juvenile individuals of Salix
matsudana x S. alba (clone BNZ 26992^) and
Eucalyptus camaldulensis Dehnh, two woody species
known for economic interest for cultivated forests
worldwide. From a biological point of view, they were
chosen as model species due to their differential root
system architecture and abiotic stress resistance.
Regarding this, E. camaldulensis is a phreatophyte spe-
cies, whose root system consists of a tap root and
original lateral roots, developing deep roots to explore
the soil to great depths. Is able to resist alkaline condi-
tions (pH 7–9.5) and quite high soil salinity (from 8 dS/
m) (Pardos 2007; Merchan et al. 2007) to 42 dS/m
(Feikema et al. 2012) and is low or moderately tolerant
to waterlogging (Sena Gomes and Kozlowski 1980; Van
der Moezel et al. 1989; Marcar et al. 2002, Argus et al.
2015). In contrast, Salix species develop adventitious
stem roots, are able to support water excess and have
moderate to low drought and salinity tolerance. In spite
of Hangs et al. (2011) had shown that several Salix
species can withstand salinity levels from 5 to 8 dS/m,
previous studies have shown that Salix matsudana x
alba BNZ 26992^ could only develop roots up to a
average salinity of 5 dS/m (Quiñones Martorello et al.
2012, 2014). While there is a wide literature on the
effects of salinity when it is applied uniformly in differ-
ent growth conditions or combined with waterlogging
for both Eycalyptus camaldulensis (Woodward and
Bennett 2005; Cha-um and Kirdmanee 2010; Isla et al.
2014; Sixto et al. 2016) and Salix sp. (Hangs et al. 2011;
Qiao et al. 2013; Quinn et al. 2015), there is no infor-
mation on the response of these species to heteroge-
neous conditions of soil salinity.

Shoot growth is tightly linked with root development
patterns and, in heterogeneous saline soils, may depend
upon increased root growth in the least saline areas
(Bazihizina et al. 2012a, b). For glycophyte species, it

has been found that most roots grow in the least or non
saline zones (e.g. Citrus aurantium (Zekri and Parsons
1990) and Solanum lycopersicum (Flores et al. 2002)).
Previous research on halophyte woody species like
Atriplex nummularia demonstrated that growing under
heterogeneous salinity conditions applying the split-
root system leads to responses related to the aver-
age salinity weighed by the number of roots in each
portion of the gradient (Bazihizina et al. 2009,
Bazihizina et al. 2012a, b). However, based on
contrasting results obtained in woody and shrubs
species undergoing split-roots experiments (Shani
et al. 1993 in grapevine, Dong et al. 2011 and
Kong et al. 2012 in cotton) and the lack of ante-
cedents for vertical gradients in woody species, we
could not state a unique hypothesis. Instead, we
proposed four alternative hypotheses to be tested:
growth and other physiological responses of Salix
matsudana x S. alba BNZ 26992^ and Eucalyptus
camaldulensis were determined by: H1) the mean
salinity of rhizosphere, H2) the average salinity
weighed by the root number in each portion of
the soil; H3) the lowest, or H4) the highest rhizo-
sphere salinity.

Materials and methods

Plant material and growth conditions

We used 50 cm long cuttings of a commercial clone of
Salix matsudana x Salix alba BNZ 26992^ (Salix sp.),
with an average diameter of 13 mm, provided by the
Genetic Improvement Programme of INTA (National
Institute for Agricultural Technology, Argentina), and
Eucalyptus camaldulensis (Eucalyptus sp.) saplings,
with a mean height of 62 cm and a mean basal diameter
of 6 mm, produced by a commercial nursery.

The cuttings and saplings were placed in 15 l pots
filled with a 1:1 soil and sand mixture, with pH = 7.94
and electrical conductivity (EC) = 0.253 dS/m (dilution
1:2.5 –soil mix: distilled water). The pots were previ-
ously adapted to drip irrigation as described in the next
section. The plants were kept under greenhouse condi-
tions for a period of 40 days (August–September 2013)
in order for the roots to explore the whole pot. Average
air temperature during this period was 20 ± 3 °C and the
average air relative humidity was 60%. The plants were
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watered every two days with tap water (EC = 0.96 dS/
m), at a rate of 1 l per pot (0.5 l in each soil layer).

Experimental system

The 15 l pots were adapted to two handmade drip
irrigation devices made of a plastic 2.5 l bottle connect-
ed to a 1 m long and 25.4 mm in diameter polyethylene
hose. On the other end was attached a ring made of hose
of the same diameter pierced at 50mm intervals to allow
dripping (Fig. 1). Each junction was sealed and checked
to avoid water leakage. The pots were drilled in the
bottom to allow drainage of excess water or salt solution
after irrigation.

The pots were assembled, from the lower to the upper
part, as follows: 20 cm of soil mix, then the first irriga-
tion device to provide water to the lower soil layer (L);
another 20 cm of soil mix and above it the second device
to provide water to the upper soil layer (U). A final layer
of 5 cm of soil mix was placed to support the upper
device. The pots were therefore divided into two layers,
L and U, each one 20 cm deep and with a weight of
10 kg (Fig. 1). A water retention curve was performed
with the soil mix in order to set the irrigation volume in
each layer (50% of available water) just to minimize
water drainage from the upper to the lower layer.
Volumetric soil water content was also estimated peri-
odically using a TDR device (Soil moisture Equipment

Corp., Trase System I 6050X1–1996, Santa Bárbara,
California, USA) in order to adjust the amount of water
added to each layer.

The experiment was carried out in a greenhouse.
During the whole period of measurements, average
day/night temperature was around 25/10 °C ± 2 and
air relative humidity was 64 ± 9.5%. Mean photosyn-
thetically active radiation at noon was 757 ± 200 μmol
m−2 s−1. Plants were distributed in four treatments:
Control C = irrigated with tap water to both layers
(EC = 0.96 dS/m); Heterogeneous salinity by irrigation
with NaCl solution in high concentration (5 dS/m for
Salix sp. and 8 dS/m for Eucalyptus sp.) in the upper
layer and tap water in the lower layer = HeU;
Heterogeneous salinity by irrigation with NaCl solution
in high concentration (5 dS/m for Salix sp. and 8 dS/m
for Eucalyptus sp.) in the lower layer and tap water in
the upper layer = HeL; and Homogeneous salinity by
irrigation with NaCl solution in moderate concentration
in both layers (2,5 dS/m for Salix sp. and 4 dS/m for
Eucalyptus sp.) = Ho. Each treatment had seven repli-
cates for each tree species placed in randomized com-
plete blocks. The treatments were carried out for 40 days
during October–November 2013. Electrical conductivi-
ty of soil was measured weekly, in four replicates of
each treatment with a Field Scout Soil and Water EC
Meter (Spectrum Technologies, Inc.; 12360S, Industrial
Dr. East Plainfield, IL 60585 USA). The EC

Fig. 1 Left Panel: View of the experimental device at the beginning of treatments imposition. Right Panel: Schematic drawing of the
experimental device
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measurement was performed one hour after watering the
pots with water or saline solution to ensure excess water
drainage. At the end of the experiment, a soil sample
was collected in each layer of the pot in four pots of each
treatment and species. The soil samples were ground
and passed through a 2mm sieve. The ECwasmeasured
in a dilution of 1: 2.5 (10 g of soil +25 ml bi-distilled
water). The sample was measured with a Table EC
probe (OAKTON PC700 with Cole-Palmer pH probe
05992–62 and EC-temperature 35,608–74, USA).

Biomass production and allocation

At the end of the experiment, all plants were harvested,
separating their biomass in compartments: leaves (LB),
which were additionally separated into three categories
depending on senescence-damage degree (see below),
stem (SB), and root biomass (RB). Root biomass was
also determined for each soil layer (see below). Total
biomass (TB = LB + SB + RB) and shoot biomass
(ShB = LB + SB) were also estimated. Leaves were
divided into three categories: fully green leaves without
apparent damage (0% leaf damage), and leaves with
senescence symptoms (yellowing, necrosis or dehydra-
tion) in less than 50% of their surface (1–50% leaf
damaged) and those with a 50% or more area with
senescence symptoms (50–100% leaf damaged). To
separate roots in each soil layer, pots were cut in
half with a saw just above the watering device,
and roots within each soil layer were washed to
remove soil particles. Biomass samples of the dif-
ferent compartments were oven-dried at 60 °C to
constant weight, and dry weight was determined
with an analytical balance.

The following allometric variables and ratios were
also estimated: 0% damaged leaf biomass/total leaf bio-
mass (0% DLB/TLB), 1–50% damaged leaf/total leaf
biomass (1–50% DLB/TLB), 50–100% damaged leaf/
total leaf biomass (50–100% DLB/TLB), Shoot
biomass/total biomass (ShB/TB), root biomass/total
biomass, upper layer root biomass/total root biomass
(URB/TRB) and lower layer root biomass/ total root
biomass (LRB/TRB).

Growth parameters

For both species the stem relative volume growth (RVG)
was calculated as the difference between the initial and
final volume of the stem divided the initial volume. In

Eucalyptus sp., the stem volume was calculated through
the diameter at the stem base and the height of all plants
(n = 7) at the beginning and at the end of the experiment.
In Salix sp., it was calculated by the diameter and height
of the two main shoots generated in the first 40 days of
growth. These measures allowed calculate the stem
volume assuming its form as a cylinder. In Salix sp.
cuttings, the relative diameter growth was also calculat-
ed to detect any possible change as a consequence of
saline stress.

The length of the leaves at the end of the experiment
was measured in healthy leaves with a digital caliper,
taking into account the four longest leaves of four indi-
viduals of each treatment and species (n = 4).

Ecophysiological variables

Pre-dawn shoot water potential (Ψpre-dawn, MPa) was
measured weekly on 10 cm long- shoot segments of
four plants chosen at random from each treatment and
species using a Scholander pressure chamber
(BioControl, Inc., model 6 MPa, Argentina).

Stomatal conductance (gs, mmol m−2 s−1) was mea-
sured weekly in four randomly chosen plants per treat-
ment and species with a leaf porometer (Decagon
Devices Inc., Model SC-1, Pullman, WA, USA). This
variable was measured around 10 a.m., in young
completely expanded leaves (one per plant), in order to
record maximum daily gs in each treatment.

Leaf chlorophyll content was estimated weekly using
SPAD (Model 502P, Spectrum Technologies Inc., East
Plainfield, Illinois USA). The ratio of variable to max-
imum fluorescence (Fv/fm) was calculated as maximum
quantum yield of PSII photochemistry using a fluorom-
eter (HANSATECH, FMS2, Pulse modulated chloro-
phyll fluorescence monitoring system, UK) in four ex-
panded leaves of four plants in each treatment and
species which were pre-adapted to dark conditions for
30 min. The state of photosystem ΙΙ was assessed
through Fv/fm ratio. For the SPAD measurements the
leaves were marked at the beginning and therefore mon-
itored during the experiment or until its abscission.

Leaf osmotic potential (Ψosmotic) was measured
at the end of the experiment (40 days treatments)
on four expanded leaves of four plants per treat-
ment harvested and stored at −80 °C in liquid
nitrogen. Osmotic potential was determined with
the dew-point method in ground samples within a
C-52 Sample Chamber connected to a Wescor
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microvoltimeter (Wescor, HR33T Dew Point
Microvoltimeter, Logan, Utah, USA). The concen-
tration of anions (Cl−, F−, NO2

−, PO4
=, SO4

=) and
cations (Na+, K+, Mg+2, Ca+2) in leaf tissue was
determined in four plants of each treatment and
species. A sample of 15 expanded leaves of each
plant was oven-dried at 60 °C, and then was
ground to a powder and passed through a 0.3 mm
sieve. 14 mg of leaf powder was weighed and
resuspended in 4 ml of bi-distilled water. The ex-
tracts were shaken for 1 h and centrifuged at
6000 rpm. The supernatant was filtered with a
membrane (MEM.MCE of 22 μm and 13 mm,
Biopore SRL). One aliquot of 50 μl was taken
and analyzed by ion Shimadzu A20 HPLC, with
CDD detector and autosampler injector. In the an-
ions measurement, Mobile phase Sodium carbonate
3.6 mM Column Shim-pack IC-SA3 was used
(Shimadzu Co.), with pre-column and suppressing
system; isocratic flow 0.8 ml/min for 25 min at
40 °C. In cations determination, Mobile phase Ac.
oxalic 3 mM, Shim-pack IC-IC-C3 C3G column
with pre-column IC-C3G (Shimadzu Co.) was used,
with isocratic flow 1.2 ml / min for 20 min at
40 °C. Ions concentration determination was carried
out in laboratories of the Institute of Plant
Physiology and Genetic Resources (IFRGV) of
INTA (Córdoba, Argentina).

Statistical analysis

Statistical analyses were carried out using R version
2.15.0 (Copyright 2012 the R Foundation for
Statistical Computing ISBN 3–900,051–07-0). Two
way analysis of variance (ANOVA) was first used to
identify overall significant interactions between treat-
ments and species (α = 0.05). Post hoc comparisons
(LSD Fisher and Tuckey test, α = 0.05) were then
applied when interactions were significant in order to
detect differences between treatments within each spe-
cies. When interactions were not significant, data of
each species were then analyzed separately with one
way ANOVA. For variables measured in different dates
(predawn potential, gs, SPAD determinations, Fv/fm
and EC of the soil layers, both in absolute and relative
values to the initial value for each plant), repeated mea-
sures ANOVAwere used. In both cases, post-hoc com-
parisons were madewith LSD Fisher test, withα = 0.05.

Results

Electrical conductivity measures indicate that the irriga-
tion with NaCl solution in high concentration in the
upper (HeU) or in the lower (HeL) soil layer generated
a gradient of salt concentration in each pot, allowing to
speak of layers with high or low salt concentration rather
than saline or non saline soil layers. The experimental
system developed in this study allowed to maintain
these soil gradients or quite homogeneous soil salinity
as expected (Fig. 2) at least during 20 days, however the
measured electrical conductivity in the soil was much
lower than that in the irrigation solutions (Table 1). In
this regard, the EC (1: 2.5 dilution soil: distilled water)
measured in soil samples of each layer at the end of the
experiment indicated that the salt concentrations close to
the desired ones were reached in the upper soil layer in
HeU and Ho treatments, while in the lower layer of the
HeL and Ho treatments, the EC (1:2,5) was lower than
the expected value (Table 1), suggesting a high water
(and salt) uptake in this soil layer by both Eucalyptus sp.
and Salix sp.

Morpho-physiological response of eucalyptus sp.
to salinity gradients

Nodifferencesintotalplantbiomass(mean=56.6±16.4g
per plant) were found between treatments. Similar
values between treatments were also observed in shoot
biomass (mean = 34.35 ± 10.7 g per plant), and in stem
biomass (mean = 16.01 ± 5.5 g per plant). However,
significant differences were observed between treat-
ments comparing different leaf groups determined by
visual signs of damage. The 0% leaf damaged and 1–
50% leaf damaged were similar between treatments,
while 50–100% leaf damaged was significantly higher
in Ho respect to Control, HeU and HeL (Fig. 3 panel A).
Therefore, 0% damaged leaf biomass /total leaf biomass
showed the following differences (p < 0.05):
C ≥ HeU = HeL ≥ Ho, while 50–100% damaged leaf
biomass/total leaf biomass showed an almost inverse
pattern (Ho ≥ HeU = HeL = C). This indicates that in
Eucalyptus sp. a moderate and homogenously distribut-
ed salinity generates a greater loss of leaf biomass than a
high salinity concentration restricted to a single layer in
the soil profile.

The Total Root Biomass (TRB) was 40% lower in
HeL than in C (C = HeU ≥ Ho ≥ HeL, Fig. 4). The
highest difference in absolute root biomass was
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observed in the lower soil layer. In comparison with the
control, the root biomass in the lower soil layer (LRB)
decreased by 70% in HeL treatment and by 50% in the
Ho treatment (C ≥ HeU ≥ Ho ≥ HeL, P 0.001) (Fig.4,
panel A). As the root biomass in the upper layer (URB)
did not present significant differences between treat-
ments, the relationship URB/TRB was shown in the

following order: HeL = Ho > C = HeU, while the lower
layer root biomass/total root biomass ratio (LRB/TRB)
presented the following: C = HeU > HeL = Ho.
Therefore, from the total of roots produced in the treat-
ment with high soil salinity in the lower soil layer, 78%
were concentrated in the upper layer and only 22%were
developed in the lower layer. It should be noted that in

Table 1 Electrical conductivity (EC, dS/m) in each layer of the
pot in Eucalyptus camaldulensis (Eucalyptus sp.) and Salix
matsudana x S. alba BNZ 26992^ (Salix sp.) exposed to vertical

gradients of salinity. EC (dS / m) was measured with a probe once
a week during the experiment in four pots of each treatment and
species

Taxa Treatments EC Upper
layer
Probe

EC
Upper layer
Dilution (1:2,5)

EC lower layer
Probe

EC lower layer
Dilution (1:2,5)

EC
Average
of the pot. Probe

EC
Average of the
pot. Dilution (1:2,5)

Eucalyptus sp. C 0.36 ± 0.07 a 0.75 ± 0.1 a 0.46 ± 0.1 a 0.65 ± 0,1 a 0.41 0.7

HeU 3.92 ± 0.57 c 6.4 ± 1.4 c 1.58 ± 0.7 b 2.7 ± 0.5 b 2.75 4.5

HeL 1.07 ± 0.75 ab 1.7 ± 0.9 ab 3.07 ± 0.6 c 2.6 ± 0.1 b 2.07 2.1

Ho 1.99 ± 0.67 bc 3.7 ± 0.6 bc 2.40 ± 0.7 bc 2.1 ± 0.2 b 2.20 2.9

Salix sp. C 0.24 ± 0.08 a 0.8 ± 0.2 a 0.22 ± 0.1 a 0.6 ± 0.2 a 0.23 0.7

HeU 1.76 ± 0.3 c 4.2 ± 0.9 c 1.24 ± 0.6 b 2.1 ± 0.3 b 1.50 3.1

HeL 0.90 ± 0.7 b 1.4 ± 0.3 ab 2.70 ± 0.4 c 1.9 ± 0.1 b 1.80 1.6

Ho 1.40 ± 0.3 bc 2,2 ± 0,5 b 1.70 ± 0.6 bc 1,85 ± 0,1 b 1.55 2

At the end of the experiment, soil samples of both layers were collected in four pots of each treatment and species, where EC was evaluated
by soil dilution (1: 2.5: soil: demineralized water). The treatments were: Control (C), salinity heterogeneous (NaCl) with higher EC in the
upper layer (HeU), heterogeneous salinity with higher EC in the lower layer (HeL) and homogeneous moderate salinity in the whole profile
(Ho). The values correspond to the mean ± SD, n = 4. BProbe^ results correspond to the average of values during the whole study period,
whereas the BDilution^ results report EC at the end of the experiment. The last two columns show the average values at the pot level, which
should be similar in the three salinity treatments. Different letters between lines indicate significant differences between treatments (LSD Fi
test, P ≤ 0.05)

Fig. 2 Pattern of electrical conductivity (EC, dS/m) during the
period of the experiment. Each point shows the difference: EC
upper soil layer – EC lower soil layers of the pots. Left panel:
Eucalyptus camaldulensis; Right panel: Salix matsudana x S. alba

BNZ 26992^. Treatments were C = Control, HeU = salt gradient
with higher EC in the upper layer, HeL = salt gradient with higher
EC in the lower layer; Ho = homogeneous salinity

Plant Soil



the control treatment root distribution, as measured as
URB/TRB and LRB/TRB, showed similar values (0.55
and 0.45, respectively) proving that the experimental
system in use allowed a quite homogenous root distri-
bution within both soil layers.

No differences in stem relative volume growth (RVG)
were observed between both treatments with heteroge-
neously distributed salt and C, but in treatment with homo-
geneous salinity a decline of 48% in theRVGwas observed
compared with the control (C ≥ HeU = HeL ≥ Ho; Fig. 5).
Therewere no significant differences in leaf length between
heterogeneous or homogeneous salinity treatments and the
control (C: 14.43 cm ± 4.15; HeU: 12.03 cm ± 2.01; HeL:
12.9 cm ±0.8; Ho: 13.8 cm ± 3.11).

Regarding physiological variables, mean absolute
value of Ψ pre-dawn was lower in all salinity treatments
than in control (mean value for the whole studied period:
HeU = −0.62 ± 0.15 MPa, HeL = −0.64 ± 0.15 MPa,
Ho = −0.66 ± 0.12 MPa, C = −0.44 ± 0.07 MPa; Fig. 6
panel A for values in each date). Relative chlorophyll
content, as estimated by SPAD measurements, did not
differ among treatments (Fig. 6 panel C), nor was

damage in the Photosystem ΙΙ estimated through chlo-
rophyll fluorescence. In this regard, the mean absolute
values of Fv/fm were 0.83 ± 0.02 in C, 0.84 ± 0.03 in
HeU, 0.83 ± 0.03 in HeL, and 0.82 ± 0.04 in Ho,
indicating a good state of PSΙΙ in all treatments. In
addition, no significant differences between treatments
were found in absolute and relative (to the maximum)
gs, but a gs decrease was shown in all treatments to-
wards the end of the experiment (Fig. 6. panel E).

The Ψosmotic in leaf tissue was significantly lower in
HeL (−2.1 ± 0.2 MPa) and Ho (−1.97 ± 0.15 MPa)
compared to C (−1.6 ± 0.17 MPa) (P = 0.05), whereas
in HeU (−1.9 ± 0.1 MPa) plants presented an interme-
diate value undifferentiated of C.

In reference to the concentration of ions present in
leaf tissue, in Eucalyptus sp., the ion Cl− was higher in
HeU and Ho treatments compared to C, with no differ-
ences between them (Table 2). Another anion involved
in osmotic adjustment that showed differences between
treatments was F−, whose concentration was significant-
ly lower in Ho with respect to HeL, although not differ-
ent from HeU and C (Table 2). A higher concentration

Fig. 3 Damaged leaves biomass
(%) with three levels of damage
(0%,1–50% and 50–100%) are
shown, Panel A: Eucalyptus
camaldulensis; Panel B: Salix
matsudana x S. alba BNZ 26992^.
C = Control, HeU = salt gradient
with higher EC in the upper layer,
HeL = salt gradient with higher
EC in the lower layer;
Ho = homogeneous salinity.
Values are means (n = 7) ± s.e.
Each bar represents different
treatment, the letters indicate
significant differences between
treatments (post hoc Tuckey test;
P ≤ 0.05)
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of NO2
− was observed in HeL and Ho than in C,

whereas the SO4
= concentration decreased in HeL and

Ho treatments compared with C.
Regarding the cations, compared with C, the Ca+2

content was 30% higher in the HeU treatment (p value
=0.05). In HeL and Ho treatments, although having not
shown statistical differences with C, also showed a
higher concentration of Ca+2, by 23% and 14%, respec-
tively. Contrary to expectations, no differences were
observed between treatments in Na+, K+ and Mg+2 leaf
content, and their ratios (Table 2).

Morpho-physiological response of Salix sp. to salinity
gradients

Significant differences were observed in total plant bio-
mass between some treatments, in the following order
(p < 0.05): C ≥ HeU ≥ Ho ≥ HeL (C = 81.46 ± 8.3 g per
plant; HeU = 80 ± 11.4 g per plant; Ho = 72.1 ± 12.2 g
per plant; HeL = 66.5 ± 9.8 g per plant). The shoot
biomass (ShB) followed the same trend. Differences
between treatments in ShBwere explained by differences
in total leaf biomass and not by differences in stem
biomass, which were similar between treatments (data
not shown). The 0% leaf damaged was significantly
higher in C and decreased by 16%, 27% and 25% re-
spectively in HeU, HeL and Ho (Fig. 3, panel B). The 1–
50% leaf damaged was significant higher in HeL and Ho
respect to Control, while 50–100% leaf damaged was
similar between treatments. The relationship 0% leaf

Fig. 4 Total root biomass in each soil layer, upper and lower layer.
Panel a Eucalyptus camaldulensis Panel b Salix matsudana x
S.alba BNZ 26992^. C = Control, HeU = salt gradient with higher
EC in the upper layer, HeL = salt gradient with higher EC in the
lower layer; Ho = homogeneous salinity. Values are means
(n = 7) ± s.d. Each bar represents different treatment, the letters
indicate significant differences between treatments (P ≤ 0.05). The
numbers below each bar represent the grams of total root biomass
for each treatment and species

Fig. 5 Relative volumetric
growth to the initial value
(proportion) of Salix matsudana x
alba BNZ 26992^ and Eucalyptus
camaldulensis. Control (C), salt
gradient with higher electrical
conductivity (EC) in the upper
layer (HeU), salt gradient with
higher EC in the lower layer
(HeL) and homogeneous salinity
(Ho). Values are means
(n = 7) ± s.d. Different letters
indicate significant differences
between treatments (P ≤ 0.05)
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damaged/total leaf biomass also showed differences be-
tween treatments (C ≥ HeU ≥ HeL = Ho). The ratio 1–
50% leaf damaged/total leaf biomass showed differences
between C and all of the saline treatments (C

Ho = HeL = HeU). The rising of partially damaged
leaves biomass with respect to C was by 16%, 52% and
50% in HeU, HeL and Ho, respectively. Finally, the ratio
50–100% leaf damaged/total leaf biomass, total root

Fig. 6 Pre-dawn water potential (Ψpre-dawn) absolute value in
MPa, Relative (value in each date over value at the initial date)
of SPAD chlorophyll content and stomatal conductance (gs) mea-
sured in Eucalyptus camaldulensis (a, c and e) and Salix
matsudana x alba BNZ 26992^. (b, d, and f) growing in four

treatments: Control (C), salt gradient with higher electrical con-
ductivity (EC) in the upper layer (HeU), salt gradient with higher
EC in the lower layer (HeL) and homogeneous salinity (Ho).
Different letters indicate significant differences (P ≤ 0.05) between
treatments (repeater measures ANOVA) within each species
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biomass/total biomass, upper root biomass/total root bio-
mass and lower root biomass/total root biomass did not
show significant differences between treatments.

In contrast to what was observed in Eucalyptus sp.
(i.e. significant species x treatment interaction, p < 0.05),
in Salix sp. no effect of soil salinity was observed on
biomass root allocation (Fig. 4 panel B). Similarly, no
differences in RVG (Fig. 5) nor in the cutting growth
diameter (proportion to the initial value) were observed
between treatments (Control =0.17 ± 0.03;
HeU = 0.13 ± 0.03; HeL = 0.12 ± 0.03; Ho
=0.19 ± 0.03). Leaf length did also not present differ-
ences between heterogeneous or homogeneous salinity
treatments and the control, the means and standard devi-
ation of the treatments were Control =12.07 cm ± 2.3;
HeU = 13.04 cm ± 0.6; HeL = 12.33 cm ±1.8 and
Ho = 12.4 cm ± 0.7.

Regarding physiological variables, themean absolute
value of Ψpre-dawn showed differences (p < 0.05) be-
tween saline treatments (Ho = −0.57 ± 0.12 MPa;
HeU = −0.54 ± 0.1 MPa; Ho = −0.51 ± 0.09 MPa) com-
pared with C (−0.42 ± 0.07 MPa), and also Ho was
different than both HeU and HeL (Fig. 6. Panel B for
values in each date). The relative Ψpre-dawn to the initial
value also showed that all three salinity treatments dif-
fered from C, and that Ho presented a higher decrease in
water potential, relative to initial values, than HeL, with
HeU between both.

The relative chlorophyll content estimated with
SPAD was lower in Ho compared to C, HeU and HeL

(Fig. 6. Panel D). Treatments with heterogeneous salin-
ity showed a decrease in chlorophyll content but did not
differ from the control. In Salix sp., no significant dif-
ferences in the absolute Fv/fm ratio were observed be-
tween treatments. As in Eucalyptus sp., the mean of all
treatments gave values close to 0.8, demonstrating a
good state of Photosystem II in the measured leaves
(C = 0 . 8 3 ± 0 . 0 3 ; HeU = 0 . 8 0 ± 0 . 0 7 ;
HeL = 0.81 ± 0.04; Ho = 0.81 ± 0.04). Similarly, no
significant differences were found in absolute or relative
gs between treatments (Fig. 6. Panel F) nor in Ψosmotic

(mean value for all treatments: - 1.97 ± 0.14 MPa).
Regarding leaf ion content, Cl− concentration highly

increased in saline treatments relative to the C (Table 2).
Compared to the C, plants growing in the homogeneous
soil salinity treatment had Cl− concentration 10-fold
higher, whereas HeU and HeL also showed significant
differences, being 6 and 8-fold higher than C, respec-
tively (Table 2). Treatment Ho showed a lower con-
centration of NO2

− with respect to Control (Table 2).
No significant differences between treatments were
observed in F−, PO4

= and SO4
= concentrations

(Table 2). Plants from treatment HeU increased by
35% their leaf Mg+2 concentration with respect to C
(p value <0.05), and no significant differences with
respect to the control were observed in HeL and Ho
(Table 2). Contrary to expectations, no differences
between treatments in the Na+, K+ and Ca+2 con-
centration were observed nor in their ratios (Ca2

+/
Na+, Mg2

+/Na+ and K+/ Na+).

Table 2 Ions concentration (nM/mg) in leaf tissue of plants of
Eucalyptus camaldulensis (Eucalyptus sp.) and S. matsudana x
S.alba BNZ 26992^ (Salix sp.) grown in four treatments: Control

(C), salt gradient with higher electrical conductivity (EC) in the
upper layer (HeU), salt gradient with higher EC in the lower layer
(HeL) and homogeneous moderate salinity (Ho)

Ions
(nanoM/mg)

Eucalyptus sp. Salix sp.

C HeU HeL Ho C HeU HeL Ho

F− 56 ± 7 ab 58 ± 10 ab 66 ± 9 b 50 ± 14 a 83 ± 13 a 79 ± 4 a 66 ± 11 a 73 ± 7a

Cl− 57 ± 28 a 122 ± 41 ab 147 ± 28 b 138 ± 1 b 35.5 ± 7 a 215 ± 32 b 298 ± 19 c 369 ± 10 d

NO2
− 0.34 ± 0.05 a 0.4 ± 0.04 ab 0.44 ± 0.04 b 0.44 ± 0.04 b 0.52 ± 0.06 a 0.52 ± 0.01 a 0.48 ± 0.03 ab 0.43 ± 0.02 b

PO4
= 49 ± 12 a 34 ± 15 a 28 ± 10 a 31 ± 19 a 29 ± 9 a 23 ± 3 a 27 ± 4 a 32 ± 5 a

SO4
= 7 ± 1 a 4.5 ± 1 b 3.4 ± 0.5 b 4 ± 1,8 b 90 ± 19 a 92 ± 21 a 84 ± 14 a 89 ± 12 a

Na+ 158 ± 61 a 190 ± 59 a 173 ± 59 a 201 ± 35 a 20 ± 5,4 a 23 ± 6 a 20 ± 5 a 23 ± 4 a

K+ 220 ± 10 a 210 ± 38 a 223 ± 29 a 192 ± 10 a 655 ± 102 a 622 ± 94 a 558 ± 57 a 561 ± 19 a

Mg+2 66 ± 15 a 58 ± 13 a 66 ± 11 a 63 ± 13 a 113 ± 29 a 152 ± 35 b 123 ± 6 ab 139 ± 15 ab

Ca+2 21 ± 2 a 27 ± 5 b 26 ± 4 ab 24 ± 2 ab 240 ± 60 a 312 ± 72 a 248 ± 28 a 301 ± 25 a

Values are means ± s.d., n = 4. Different letters in adjacent columns corresponding to each species indicate significant differences between
treatments (P ≤ 0.05)
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Discussion

In this study it was assessed how growth and physiology
of the hybrid clone Salix matsudana x alba BNZ 26992^
(Salix sp.) and Eucalyptus camaldulensis (Eucalyptus
sp.), two glycophyte species with different root system
and stress tolerance, respond to salinity arranged in
different vertical gradients. Four alternative hypotheses
were evaluated, suggesting that growth and physiology
are determined either by: H1) the average salinity of the
rhizosphere, H2) the average salinity of the rhizosphere
weighted by the number of roots in each portion of the
soil, H3) the less saline portion of the soil, or H4) the
most saline portion of the soil.

Therefore, if growth and physiology of both species
respond to H1, the expected relationship between treat-
ments would be HeU = HeS = Ho C, because if the
plants averaged the salt present in the soil, there would
be no difference between saline treatments. If instead
plants respond to average salinity weighted by the num-
ber of roots in each portion of the soil, in Eucalyptus sp.,
given its tap root system, it is expected most of the
woody root biomass to be in the upper layer, so the
relationship between treatments would be as follows
C > HeL > Ho > HeU. Typically there are more roots
in the upper than in lower parts of the soil profile
(Schenk and Jackson 2002), however since Salix spp.
cuttings generate adventitious roots, they should pro-
duce roots more or less evenly distributed throughout
the soil profile, being the expected response of treat-
ments: C > HeU ≥HeL =Ho. If the plants respond to the
most saline portion soil (H4), the expected relationship
between treatments in both species would be
C > Ho > HeU = HeL, while if they respond to the less
saline portion (H3), the expected response in both spe-
cies would be C ≥ HeU = HeL > Ho. In this case the
homogeneous salinity treatment would be the most af-
fected, as there is no possible escape from salts in any of
the soil layer.

Effect of vertical salinity gradients in a glycophyte
species with tap root system and moderate to high
salinity tolerance

In Eucalyptus camaldulensis there were no significant
differences in total biomass production between treat-
ments. However, under conditions of homogeneously
distributed moderate salinity (Ho) the pattern of leaf
senescence was more pronounced, which was

accompanied by a decrease in the stem relative volume
growth (RVG) of 50% compared with the control. At the
same time, in the heterogeneously distributed salinity
treatments the RVG was slightly lower and the leaf
senescence somewhat higher, but with no significant
differences respect to the control. These results provide
evidence in favor of H3 for E. camaldulensis. At the
same time, this is consistent with the results obtained by
Bingham and Garber (1970) evaluating the growth of
the stem in sweet corn plants subjected to vertical gra-
dients of salinity (only report of this kind of treatment in
a glycophyte species), where a 30% decrease in growth
was observed when the entire root system was exposed
to salt, whereas when only one third or two thirds of the
root system were exposed to salt, the stem growth
decreased only by 10%.A similar response was reported
in other woody glycophyte species such as Citrus
aurantium (Zekri and Parson 1990) and cotton (Kong
et al. 2012) growing in split - root systems, which
generate heterogeneous salinity conditions but in a hor-
izontal gradient. In these cases a decrease in stem
growth by 10–20% relative to the control was observed
when at least part of the root system was exposed to
salinity. At the same time, both studies suggest that the
presence of salts in at least part of the root system is
sufficient to increase the absorption of water by 50% in
the less saline or unsalted site.

Despite this, the total root biomass, an indicator of
underground plant growth, showed that the presence of
salts in the lower soil layer, i.e. in both HeL and Ho,
generates a significant decrease of root biomass respect
to control, whichmeant 70% and 50% less roots for HeL
and Ho, respectively. However, in the HeU treatment
such response was not observed, being the root biomass
in this soil layer similar to the control.

Contrary to the conclusions drawn from the above-
ground variables, the results obtained inE. camaldulensis
at root level indicate that the underground growth did not
respond to any of the hypotheses initially raised.
Importantly the root biomass produced in control condi-
tions was similar between soil layers, indicating the
proper functioning of the experimental system used and
allowing roots to grow throughout the profile of the pot,
ensuring a similar salt exposure in both soil layers.
Therefore, the decrease in root biomass in the lower layer,
both in HeL and Ho, would indicate two possible re-
sponses: the root growth inhibition in this layer in re-
sponse to salts, or a significant root mortality because of
the absorption of salts and their toxic effect in this
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compartment of the plant. In this regard, although it was
not possible to measure water consumption in this re-
search, Thorburn and Walker (1994), using H2 and O18

isotopes in field conditions, determined that
E. camaldulensis, even growing near (30 m) to fresh
water stream and with surface fresh water availability
(0.05–0.15 m), continued uptaking groundwater with
high salt concentration (40 dS/m). This meant about
30% of the water present in the branches of the trees.
This phenomenon was at the expense of reducing the
Ψpre -dawn and the plant hydric status. This information,
along with the one suggested by Bazihizina et al. (2012a)
for salinity tolerant species, proposing that under hetero-
geneous salinity (either horizontal or vertically) tolerant
species may uptake water in the saline area, and this
would account for 9 to 30% of the total water consumed,
allowed to raise a new prediction in this work expected if
the H2 is true. In this regard, given the adaptive behavior
of E. camaldulensis that allows greater water uptake in
lower soil areas (even under conditions of high salinity in
the groundwater), it is expected that if the plants respond
to the average salinity of the root zone weighted by the
increased absorption of salts in the lower layer, the treat-
ments in this work will present the following relationship
C ≥ HeU > Ho ≥ HeL. That is, the most affected treat-
ments would be HeL and Ho, where plants could not
escape the absorption of salts, and HeL would be more
affected than Ho due to higher salt concentration in the
lower layer. Given this consideration in H2, which means
a higher absorption in the lower layer than in the upper,
the results of root growth of this species under
vertical salinity gradients indicate that it would
respond to the average salinity of the rhizosphere
weighted by the number of roots and their absorp-
tion capacity in each soil layer.

On the other hand, these results of E. camaldulensis
growing in vertical salinity gradients provide evidence
in favor of Bazihizina et al. (2012a) hypothesis suggest-
ing that phreatophyte genotypes growing in a vertically
heterogeneous salinity gradient with high superficial
salinity, would be able to explore deep layers in search
of less saline conditions that will maintain the stem
growth avoiding the negative impact of salts on it, which
has been demonstrated in this work by the results ob-
tained in the HeU treatment. At the same time, saline
conditions (high or moderate) in deep soil horizons
would generate a significant decrease in root growth as
a strategy of acclimation. Thus, although aboveground
tolerance mechanisms are observed in HeL, the

reduction of root biomass in saline horizons, particularly
when salt is in lower soil layers, suggest an avoidant
mechanism based on a low generation of deep roots.
This response may have no effect, or a moderate one, on
the stem growth under heterogeneous conditions of
salinity that make possible an escape from salts
by the absorption in less saline sites, but would
result in a significant decline of the stem growth
when there are no possibilities of escape from salts
as occurs under homogeneous conditions of salin-
ity, even in a low concentration.

In turn, from a physiological point of view, the HeL
and HeU treatments showed no effect of salts on the
chlorophyll content estimated with SPAD, stomatal con-
ductance (gs) and the integrity of PSII (Fv/fm). These
results contrast with previous studies in this species, in
which a decrease in gs (Marcar et al. 2002), a degrada-
tion of chlorophyll by a 20% and a decrease in Fv/fm
respect to Control under similar concentrations of NaCl
to those evaluated in this work (Cha-um and Kirdmanee
2010) were observed. However, other physiological
parameters as Ψpre-dawn, Ψosm, or ions concentrations
in leaves were affected as a result of exposure to vertical
salinity gradients.

TheΨpre-dawn showed a response similar to what was
stated in the H1, indicating that this variable responds to
the average salinity of the rhizosphere, which is expect-
ed if the water status of the plant responds to water
uptake from both layers, and this absorption is
not inhibited even under high salinity in any soil
layer. This effect on the Ψpre-dawn generated by the
water uptake from different parts of the soil has
been demonstrated for this species in field exper-
iments with isotopes H2 and O18 (Thorburn and
Walker 1994; Mensforth et al. 1994).

However, the Ψosmotic and Cl− concentration in
leaves, variables related to salts uptake and toler-
ance degree in various species, showed differences
between HeL and Ho treatments compared to
Control, behaving as predicted in H2, (assuming
that this species always tends to take water from
deep horizons). Also, results of EC (1:2.5) mea-
surements in soil samples of the different layers
obtained at the end of the experiment, support this
conclusion since in HeU and Ho treatments the EC
of upper layer was close to the EC values of the
irrigation solution, while the EC in the lower layer
was lower than the expected, suggesting that the
plants have taken the salts from it.
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The increase in the Cl− concentration in leaves both
in Ho and HeL coincides with the results obtained by
Nasim et al. (2009), working with two genotypes of
E. camaldulensis exposed to a higher salinity concen-
tration than the assessed here (13.7 dS/m) which was
homogeneously distributed and applied for 8 weeks. In
this case, the Cl− concentration increased 3 and 2 times
relative to the control. That result was accompanied by
an increase in the concentration of Na+ (3-fold than the
C) and a decrease in K+ in both genotypes. Similarly,
Isla et al. (2014), working with a homogeneous NaCl
concentration (7 dS/m), a value close to that used in the
present study, also reported for this species a three-fold
increase in Cl− concentration in leaves compared to the
control and, contrary to us, a similar increase in the
concentration of Na+. At the same time, and also unlike
our results, they found a slight decrease in Ca+2 content
of the leaves. Isla et al. (2014) also evaluated the
content of these ions at root level and they found no
increase in Cl− and Na+ concentration in comparison
to the control. Differences between studies suggest
that exposure to similar concentrations of NaCl, but
arranged in a vertical gradient, affecting part of the
root system more than another (the present study)
allows a better acclimation to saline stress that pre-
vents increased levels of Na+ at leaf level, a highly
damaging phenomenon for cell homeostasis.

It is also interesting to note the results obtained in the
K+ levels in leaf tissue, which showed no significant
differences between treatments, as was also the case of
the ionic ratios K+/Na+, Mg2

+/Na+ and Ca+/Na+. These
results agree with those obtained by Isla et al. (2014) and
contradict those reported by Van der Moezel et al.
(1989), who describe a significant decrease in the con-
tent of K+ in the E. camaldulensis stem. The relationship
between the exclusion of leaf Na+ and Cl− and salt
tolerance of E. camaldulensis was raised by Isla et al.
(2014) and Van der Moezel et al. (1989). This exclusion
mechanism is particularly important in perennial plants
where exposure to salts in the long term may
exacerbate the toxic accumulation of these ions
by leaf transpiration (Munns and Tester 2008).
The response observed in the genotypes of
E. camaldulensis evaluated in this study indicates
a significant compartmentalization or exclusion of
Na+ and Cl− ions at root level, a tolerance mech-
anism to salts proposed by Jobbagy and Jackson
(2004) through the field evaluation of genotypes of
the same species implanted in Argentina.

Other phenomena observed with heterogeneous sa-
linity in the soil cannot be completely discarded. In this
regard, Kong et al. (2012) determined a low concentra-
tion of Na+ ions in leaf tissue of cotton plants treated
with split-root systems, which was accompanied by an
increase in the concentration of Na+ ions in the low
salinity compartments. The authors attributed this find-
ing to a flow of ions from the leaves to the roots through
the phloem. Based on these results, and the ability of this
species for water redistribution through their root system
(Burgess et al. 1998), it would be interesting to investi-
gate whether a similar mechanism is possible in
E. camaldulensis under vertically heterogeneous salini-
ty. If so it would be possible to explain the lack of
accumulation of Na+ and decreased K+ in the leaf ob-
served in this work, while would justify the slight in-
crease in EC in lower saline layer of the pot in HeU
treatment respect to Control, which generated the loss of
the salinity gradient at the end of the experiment both in
E. camaldulensis and Salix sp. Therefore, we consider
necessary new studies to investigate this issue.

Simultaneously, the cations profile in E. camaldulensis
detected an increase in Ca+2 in HeU compared to the
Control, accompanied by a lower impact of the salts on
the aboveground and root growth. HeL and Ho treatments
showed no difference in the content of Ca+2 with respect
to C and showed a higher saline impact on growth. This
relation between treatments did not respond to any of the
hypotheses and contradicts other results obtained for this
ion in leaf tissue of E. camaldulensis subjected to salinity
(Isla et al. 2014). The increase in cytosolic Ca+2 has been
reported as an early cellular signal of tolerance to salt
stress (Pandey et al. 2004), which protects the cell from
harmful effects of salts (Martinoia et al. 2012; Wolf
et al. 2012). For this reason, more specific studies
are needed to determine if a similar response be-
tween treatments is seen at the root level and if
higher Ca+2 leaf concentration in HeU treatment in
E. camaldulensis is actually reflecting a greater tol-
erance to salinity stress when salts are located in
upper soil layer compared to an inverse gradient.

Effect of vertical salinity gradients in a glycophyte
species with adventitious and shallow root system
and low or moderate tolerance to salinity

In Salix matsudana x S. alba, root biomass obtained at
the end of the experiment was higher in the lower soil
layer (70%) than in the upper in all treatments,
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indicating an unequal distribution of roots in the soil
profile. Therefore, the prediction of H2 was corrected
based on these results, expecting a higher effect in
plants, both in physiological and growth parameters,
when the salinity is in the lower layer (i.e. where there
are more roots), and the concentration of salts is higher.
Thus, if H2were true, growth and biomass production in
these treatments would respond to the following rela-
tion: C > HeU > Ho ≥ HeL.

While at root level there was no response of plants in
this regard, since no differences were found between
treatments in total root biomass or by soil layer, both
total biomass and total aerial biomass are in agreement
with H2. In turn, in the aerial biomass, the leaf compo-
nent was the most affected, because 0% damaged leaf
biomass was lower in Ho and HeL treatments compared
to the control, and 1–50% damaged leaf biomass was
higher in the same treatments (Fig. 3, panel b). All
salinity treatments showed effects on leaf senescence,
although the highest impact was observed in Ho and
HeL, demonstrating again most importantly the location
of salts in the soil profile than the concentration per se.
At the same time, the stem growth in this species was
not affected by homogeneous or heterogeneous salinity,
consistent with the results obtained at root level.

From a physiological point of view, in Salix sp., the
Ψpre -dawn and chlorophyll content estimated with SPAD
differed between treatments. Both variables were affect-
ed in plants exposed to vertical gradients of salt and they
would respond to the less saline portion of the soil (H3),
as treatments with heterogeneous salinity in which
plants can access a less saline portion of root zone were
the least affected. On the other hand, although the
Ψosmotic showed no differences between treatments, sug-
gesting no osmotic adjustment in the species in response
to salinity, some ions concentrations in leaves were
affected. Cl− andMg+2 were the most important affected
ions in cellular homeostasis. The homogeneous salinity
treatment showed a higher Cl− concentration relative to
the control (10 times), while heterogeneous salinity
treatments showedCl− concentration higher than control
but lower than Ho. The Cl− accumulation indicated an
important toxic effect of salts under uniform salinity,
even higher than in heterogeneous salinity, which re-
sponds to our H3. In addition, the higher Cl− leaf con-
centration in HeL than in HeU may be explained by
higher proportion of roots in the lower soil layer, which
improved the growth conditions in HeU treatment due
to lower salt absorption. The higher EC (1:2.5) in the

upper soil layer observed in HeU at the end of the
experiment reinforces this conclusion. At the same time,
no significant differences between treatments in Ca+2,
K+ or Na+ leaf concentrations or their ionic relationship
were obtained.

Some researchers have reported in Populus sp., an-
other genus of Salicaceae family, a salt tolerance re-
sponse dependent on the ability to restrict the salts
passage from roots to stem and leaves, being more
tolerant those genotypes capable of presenting low
Na+ concentration in the stem (Fung et al. 1998; Chen
et al. 2002; Isla et al. 2014). Zalesny et al. (2008),
working on eight genotypes of Populus spp. irrigated
with saline water, indicated an increase of Cl− concen-
tration in leaves and Na+ concentration in the roots,
along with an increase in leaf senescence and abscission.
In some clones, these results were not accompanied by a
decrease in growth and biomass production. The re-
sponse to saline stress in these clones was attributed to
a greater compartmentalization of Cl− ions in leaves and
new leaf biomass generation that could compensate the
toxic effects of salts guaranteeing carbon fixation need-
ed to maintain growth. These results agree with those
obtained in this work for Salix sp. cuttings growing
under homogeneous salinity conditions. So, is possible
to hypothesize on a tolerance mechanism based in
Cl−accumulation in the vacuole, in order to avoid the
deleterious effects of the salts on the cellular metabolism
and carbon fixation. In this regard, gs and PSII status
were not affected in photosynthetically active leaves,
nor was stem growth and root biomass (at least during
40 days of exposure to salt of this study). It is interesting
to investigate whether Salix sp., like Populus sp., re-
sponds to salt stress accumulating Na+ ions in the roots,
and whether longer stress periods can be tolerated with-
out a significant decrease in growth.

On the other hand, the response of Salix sp. to vertical
salinity gradients suggests that, under this condition, the
tolerance threshold for salt concentration can be further
extended due to certain physiological variables such as
Ψpre -dawn, chlorophyll content measured with SPAD
and leaf Cl− concentration responded to the less saline
portion of the soil. These results also suggest that under
heterogeneous salinity conditions salt-avoiding strategy
is possible more than its tolerance. In this sense, the
resistance of saline stress developed by Salix sp. would
be based on the loss of foliar biomass, similar to what
happens under drought stress (e.g. Bonosi et al. 2010;
Doffo et al. 2017), but in the case of salinity, this
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mechanism would allow it to remove toxic ions accu-
mulated in leaf tissue. Remaining leaves could therefore
maintain their water status and C fixation capacity need-
ed for growth. It is expected that. When environmental
conditions are more favorable, the ability to maintain the
good water status of the plant and a low toxicity due to
the compartmentalization of ions, would eventually al-
low this species a rapid regeneration of foliage in order
to continue the growth. This mechanism would be use-
ful in environments with moderate and sporadic salinity
(e.g. salinity pulses due to the rise of a saline water table,
and / or concentration of salts on the surface by high
evaporation in a drought period which are washed with
precipitation events), but would not allow it, however, to
grow in permanent salinity conditions.

Conclusion

The results of this study indicate that Eucalyptus
camaldulensis growing in vertical gradients of soil sa-
linity would present leaf tolerance mechanisms, through
osmotic adjustment (mainly in treatments with salt in the
lower soil layer), related or not to Cl− accumulation,
allowing it to maintain leaf functioning. At the same
time, it presents an avoidance strategy at root level, due
to lower root growth in saline soil layers when they are
in lower positions of the soil profile, and potentially, Na+

exclusion. As a result of these resistance mechanisms,
aerial growth is less compromised, responding as a
function of the less saline soil portion. On the other
hand, the direction of the salinity gradient had an effect
on the observed responses, being less affected when
salts are located in higher compared to lower soil layers.

By contrast, Salix matsudana x S. alba showed a
salinity response characterized by senescence and de-
crease of green leaf biomass. This strategy was mainly
seen in treatments with homogeneous salinity along the
soil profile or with salt restricted to lower soil layers.
The loss of leaves was the result of compartmentaliza-
tion of Cl− in some of them, while undamaged leaf
biomass maintained its functionality. Likewise, this
Bforced^ reduction of the transpiration surface - decreas-
ing subsequent water inflows with salts - could be useful
to counteract uptake of salts by the root system main-
tained in saline soil (root tolerance). As a consequence,
plants presented similar stem growth in all treatments,
but decreased total biomass (mainly due to leaves) in the
above mentioned saline treatments. At least in the short

term, this mechanism would allow to maintain similar
stem volume growth in plants exposed to vertical gradi-
ents of salinity or homogeneous salinity (but in quite
low concentration) compared to non- saline soils.
However, a reduction in leaf biomass could have impli-
cations in future growth, depending on the level of C
reserves and the duration of the exposure to salts.

As a whole, our results show that the response of
Eucalyptus camaldulensis and Salix matsudana x S.
alba to homogeneous conditions of salinity maybe dif-
ferent from than observed when these taxa are facing
vertical salinity gradients as given in the field, and even
with higher concentrations of NaCl. In this regard, de-
termining tolerance thresholds in both species could
vary depending on the salt distribution in the soil.
Lower concentrations of salt evenly distributed in the
soil profile would have more effect than restricted high
salt concentrations; and the impact of high salinity could
be higher when it is located in deeper soil layers. These
considerations must be taken into account in extrapola-
tion of results from pots to field natural conditions in
these species, as well in other woody species.
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