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Abstract

Key message Different tree species exposed to NaCl stress exhibited similar responses including elevated foliar K,
increased foliar necrosis, as well as the exclusion or accumulation of foliar Na.

Abstract Revegetation of boreal forest lands disturbed by surface mining for bitumen can be challenging due to fluctuat-
ing levels of soil NaCl and harsh winter temperatures. These stressors may hinder the growth and survival of planted tree
seedlings. Two experiments were carried out to examine the processes of recovery from NaCl stress and overwintering in
trembling aspen, tamarack, and white spruce seedlings. In the recovery experiment, seedlings were treated with 0, 50, or
100 mM NacCl for 60 days and then allowed to recover for 60 days. Most of the examined physiological variables (total dry
weight, chlorophyll concentration, photosynthesis, and transpiration) in all examined species returned to control levels after
30 days of recovery from the NaCl treatment. In the overwintering experiment, seedlings were subjected to 0 or 50 mM
NaCl treatment throughout the first growing season, overwintered, and treated with 0, 50, or 100 mM NacCl for 8 weeks
during the second growing season. All tested species exhibited foliar chlorosis and necrosis from NaCl treatment in the first
year. Several similarities were observed between species in both experiments, including increased foliar K and necrosis in
trembling aspen and tamarack. Trembling aspen exhibited remarkably low foliar Na, whereas tamarack and white spruce had
high concentrations of foliar Na despite the recovery of physiological variables to control levels. Elevated foliar K, necrosis,
and Na management may constitute important salt resistance mechanisms for the tree species tested.

Keywords NaCl stress - Recovery - Overwintering - Resistance mechanisms

Introduction due in part to fluctuating levels of soil NaCl. Saline-sodic
overburden is often used as backfill for open pits and can

Bitumen deposits located in northern Alberta that are  leach NaCl into reclamation soils. The levels of NaCl in the

extracted by surface mining involve the removal of all veg-
etation and soils from the site prior to mining (Berkowitz
and Speignh 1975; Giese et al. 2010). Operators of bitumen
surface mines are required by law to reclaim boreal forest
lands to equivalent land capability once mining is complete
(Government of Alberta 2010). Revegetation is challenging
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soil can be heterogeneous and transient because of upward
water flux, variations in evapotranspiration, precipitation,
and water table depth (Kessler et al. 2010; Carrera-Her-
nandéz et al. 2012). Since soil NaCl levels can be transient
at reclamation sites, the ability of planted tree seedlings
to recover following exposure to NaCl may be essential to
their survival. Additionally, reclamation sites in northern
Alberta experience harsh winters with temperatures reaching
— 40 °C for prolonged periods of time. Although the effects
of NaCl stress have been extensively studied in plants, very
little research has been carried out to examine the recov-
ery of plants from NaCl stress. Furthermore, studies on the
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effects of NaCl stress and overwintering on perennial plants
are absent in the literature.

Salt stress involves a combination of osmotic and ionic
factors, which elicit numerous physiological responses in
plants. These responses include an almost immediate decline
in root hydraulic conductivity that is linked to decreased
water transport through aquaporins and results in rapid
decreases in transpiration and photosynthetic rates. This
is commonly followed by altered nutrient uptake, reduced
growth, development of leaf chlorosis and necrosis and
eventually plant mortality (Kozlowski 2000; Boursiac et al.
2005; Munns and Tester 2008; Lee et al. 2010; Shabala and
Munns 2012; Arif et al. 2020). Trembling aspen (Populus
tremuloides Michx), tamarack (Larix laricina (Du Roi)
K. Koch), and white spruce (Picea glauca (Moench) Voss
(Pinaceae)) are commonly used for oil sands reclamation
and are known to have resilience to moderate levels of soil
NaCl. Seedlings of these tree species have been reported to
withstand at least 4 weeks of 60 mM NaCl stress (Renault
et al. 1999; Renault 2005).

Many adaptive mechanisms are used by glycophytic
plants to withstand elevated soil NaCl. One mechanism is
maintaining a low Na:K ratio in foliar tissue by a combina-
tion of Na exclusion and K accumulation, which is essential
for withstanding periods of NaCl stress. Increasing foliar
cytoplasmic K is a mechanism of NaCl tolerance in glyco-
phytic plants because elevated foliar Na negatively affects
cellular metabolism by interfering with the subcellular
role of K as an enzymatic cofactor necessary for nearly all
growth processes in plants (Munns and Tester 2008). Ele-
vated soil NaCl is known to trigger the release of K from the
root cortex cells, which is then translocated to foliar tissue.
This process facilitates osmotic adjustment, decreases oxida-
tive damage from reactive oxygen species, and reduces the
triggering of programmed cell death (Cakmak 2005; Chen
et al. 2005; Escalante-Pérez et al. 2009; Wang et al. 2013;
Wau et al. 2018). Accelerated foliar senescence is another
commonly observed response of glycophytic plants to NaCl
stress. Long-term Na toxicity in foliar tissue is manifested
by yellowing (chlorosis) at the margins followed by necrosis
and premature senescence. Although the loss of photosyn-
thetic area decreases the photosynthetic capacity of plants,
leaf necrosis and shedding of leaves may help eliminate
some of the accumulated salt and remobilize nutrients to
younger tissues (Munns and Tester 2008). On the cellular
level, chlorosis is characterized by the degradation of chlo-
rophyll and proteins followed by programmed cell death
(Munné-Bosch and Alegre 2004; Wang and Blumwald
2014), suggesting that a plant’s response to NaCl stress may
be linked to complex cell signaling events.

Reports on the recovery of glycophytic plants from NaCl
stress are underrepresented in the literature. In one example,
spinach subjected to 100 mM NaCl for 3 weeks followed by

@ Springer

a 4 week recovery exhibited initial decreases followed by
the recovery of physiological variables such as RuBisCO
activity, photosynthesis, stomatal conductance, Fv/Fm, and
chlorophyll concentration (Delfine et al. 1999). In another
example, ornamental brush cherry was exposed to NaCl
stress up to 132 mM for 30 days followed by a 16 day recov-
ery period. During the recovery period, Na and Cl contin-
ued to accumulate in the roots, stems, and leaves. Higher
levels of NaCl treatment led to reduced foliar area during
the recovery period (Acosta-Motos et al. 2015). In contrast
to the limited number of recovery studies from NaCl stress,
many reports exist for the recovery of plants from drought
stress. Recovery from drought is characterized by a return
of physiological function but almost never to full capacity
(reviewed by Chaves et al. 2009). Drought and NaCl stress
share some similarities due their osmotic effects on plants;
however, direct ion toxicity in NaCl-affected plants may be
expected to make recovery from NaCl stress more challeng-
ing compared to drought. Clearly, more studies are required
to examine the processes of recovery from salt stress, espe-
cially in economically important plants.

In the current study, two separate experiments were
conducted to explore the effects of long-term NaCl stress
and recovery as well as the effects of NaCl stress and over-
wintering on trembling aspen, tamarack, and white spruce.
The NaCl values of 50 and 100 mM used in this study
represent values similar to saline conditions found in situ.
The 50 mM NaCl treatment is slightly higher than the
4 dS m~? soil surface EC threshold for boreal forest vege-
tation (Purdy et al. 2005; Lilles et al. 2010). The objectives
of the two experiments were to examine the recovery of
growth and physiological processes, including photosyn-
thesis, transpiration, and chlorophyll, following exposure
to NaCl in a deciduous angiosperm tree (trembling aspen),
deciduous conifer (tamarack), and evergreen conifer (white
spruce). Mechanisms of resistance to NaCl stress such
as elevated foliar K, accelerated foliar necrosis, and Na
exclusion or accumulation, were investigated in each spe-
cies. It was anticipated that physiological variables would
decrease because of NaCl stress but would increase during
the recovery period for all species; however, since little
is known about the stress recovery processes in trees, the
degree and timing of recovery was a key question in this
study. In a second experiment, nonlethal levels of NaCl
were applied to trembling aspen, tamarack, and white
spruce seedlings in one growing season. Seedlings were
overwintered and again subjected to NaCl stress in the
following growing season. The primary objective of the
overwintering experiment was to investigate whether seed-
lings treated with sublethal levels of NaCl during the first
year of growth would exhibit acclimation or cumulative
NaCl injury when exposed to overwintering followed by
NaCl treatment in the second year. It was hypothesized
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that NaCl stress and overwintering in year 1 would hin-
der the ability of seedlings to recover from NaCl stress in
year 2. The importance of foliar necrosis as a response
to NaCl stress was studied in more detail for trembling
aspen leaves. The results generated from this study are
intended to generate fundamental knowledge on the ability
of woody plants to recover from NaCl stress as well as to
benefit reclamation efforts in northern Alberta.

Materials and methods

Plant material, growth conditions, and NaCl
treatment

Recovery experiment

1 year-old dormant trembling aspen, tamarack, and white
spruce seedlings were obtained from Smoky Lake For-
est Nursery (Smoky Lake, AB, Canada). Seedlings were
grown from seeds collected from open-pollinated wild tree
stands in various locations within Alberta seed zone CM
2.2 by Tree Time Services Inc. (Edmonton, AB, Canada).
Seedlings were planted in 4-L pots with a mixture of peat
moss and sand (1:1, by weight) and grown for 6 weeks
prior to treatments. The seedlings were watered every
other day and fertilized with 250 mL of 3 g/L 20:20:20
(N:P:K) commercial fertilizer every 2 weeks prior to
experimental treatments and once every month after the
treatments commenced. The experiment was carried out
in a controlled-environment growth room maintained at
22/18 °C (day/night) temperature, 65 + 5% relative humid-
ity, and 16 h photoperiod with 300 pmol m~ s~! PPFD
using full spectrum fluorescent lights (Philips high output,
F96T8/TL835/HO, Markham, ON, Canada). Immediately
prior to NaCl treatments, seedlings from each species
(n=3) were measured for height and root collar diameter.
No significant difference existed between treatments in all
species (Tables S1 and S2). After 6 weeks of growth, seed-
lings were exposed to treatments with 0, 50, and 100 mM
NaCl for 60 days by applying 250 mL of the respective
NacCl solution once a week. After NaCl treatments, seed-
lings were thoroughly watered to flush out any remaining
NaCl and allowed to recover by watering with 0 mM NaCl
for the remainder of the experiment. Selected seedlings
(n=6) were taken for measurements immediately after
60 days of NaCl treatments as well as 30 and 60 days after
the termination of NaCl treatments. Some trembling aspen
seedlings treated with 100 mM NaCl completely defoliated
during the NaCl treatment and re-flushed during the recov-
ery period. These seedlings were sampled after 60 days
of recovery.

Overwintering experiment

One-year-old dormant trembling aspen, tamarack, and white
spruce seedlings were obtained from Smoky Lake Forest
Nursery (Smoky Lake, AB, Canada). Seedlings were grown
from seeds collected from open-pollinated wild tree stands
in various locations within Alberta seed zone CM 2.2 by
Tree Time Services Inc. (Edmonton, AB, Canada). Seedlings
were planted in 4-L pots with a mixture of peat moss and
sand (1:1 by weight) and grown outside for 1 year. During
the first growing season, all seedlings were watered daily,
and half of the seedlings for each species were treated with
250 mL of 50 mM NaCl every 2 weeks throughout the grow-
ing season. Seedlings were fertilized with 250 mL of 3 g/L
20:20:20 (N:P:K) fertilizer every 2 weeks from May to July
and every 30 days from August to October. Before the onset
of winter, seedlings were thoroughly watered to flush out
remaining NaCl from the soil and left outside to overwinter.
The pots were covered with soil and hay to prevent root
freezing. After overwintering, seedlings were transported
into a controlled-environment growth room several weeks
before bud break in early May of the second growing season.
The controlled-environment growth room was maintained at
22/18 °C (day/night) temperature, 65 + 5% relative humidity,
and 16-h photoperiod with 300 pmol m~2 s~! photosynthetic
photon flux density (PPFD) using full spectrum fluorescent
lights (Philips high output, F96T8/TL835/HO, Markham,
ON, Canada). Seedlings were watered every other day and
fertilized with 250 mL of 3 g/L 20:20:20 (N:P:K) com-
mercial fertilizer every 2 weeks. Seedlings were allowed to
grow for 6 weeks before the NaCl treatments. Immediately
prior to NaCl treatments in year 2, seedlings from each spe-
cies treated with 0 mM NaCl or 50 mM NaCl from year 1
(n=3) were measured for height and root collar diameter,
and no significant differences existed between treatments
in all species (Tables S3 and S4). Control and NaCl-treated
seedlings were then subjected to weekly treatments with 0,
50, and 100 mM NaCl for 6 weeks. Each NaCl treatment was
administered by applying 250 mL of the respective NaCl
concentration to the soil. Selected seedlings (n=6) were
taken for measurements.

Measurements
Gas exchange

At the completion of the recovery and overwintering experi-
ments, gas exchange measurements were carried out on
living seedlings (n=6). Net photosynthesis (A) and tran-
spiration (E) rates were measured using an infrared gas
analyzer equipped with a standard 6 cm? leaf chamber
(Li-Cor 6400XT, Li-Cor Inc., Lincoln, NE, USA). Water
use efficiency (WUE) was calculated by dividing A by E.

@ Springer
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Measurements were conducted in the experimental growth
room. Samples were allowed to equilibrate to a steady state
for approximately 2 min prior to measurement. The light
intensity for all measurements was 300 pmol m~2 s~! PPFD
provided by a red-blue light source (6400-02, Li-Cor Inc.,
Lincoln, NE, USA). The [CO,] was maintained at 400 umol/
mol for all measurements. Light intensity and [CO,] values
were chosen to be the same as the plant growth conditions
in the experimental growth room. Considering the relatively
low light intensity, comparisons of gas exchange values were
limited to within species. For white spruce and tamarack, the
needle area was calculated using Sigmascan Pro 5.0 com-
puter software (Systat Software, San Jose, CA, USA).

Foliar chlorophyll concentration and dry weight

After gas exchange measurements, a small number of leaves
or needles were collected from mature foliar tissue on seed-
lings, lyophilized, and ground to a powder for chlorophyll
extraction. Chlorophyll was extracted from tissue (10 mg
DW) with 8 mL DMSO at 65 °C for 24 h. Chlorophyll con-
centration was measured with a spectrophotometer (Ultro-
spec, Pharmacia LKB, Uppsala, Sweden) at 648 nm for chlo-
rophyll-a and 665 nm for chlorophyll-b. Total chlorophyll
was calculated using Arnon’s equation (Sestak et al. 1971)
and normalized by the dry weight of individual extracts.

For dry weight determination, seedlings were separated
into foliar tissue, stems, and roots and oven-dried at 70 °C
for 72 h before weighing. Lyophilized foliar tissue used for
chlorophyll analysis was also weighed and added to the total
dry weight measurement. For trembling aspen and tamarack
in the recovery experiment and trembling aspen in the over-
wintering experiment, necrotic foliar tissue was first sepa-
rated from living tissue prior to oven drying and weighed
separately. Living and necrotic foliar tissue was ground to a
fine powder using a Wiley mill (screen no. 40) and used for
elemental analysis.

Foliar elemental analysis

For the determination of foliar concentrations of K, P, and
Na, foliar tissue from all species as well as necrotic foliar
tissue from trembling aspen in the overwintering experiment
(200 mg) was digested with 10 mL 70% HNO; and diluted
with deionized water up to 50 mL. Samples were analyzed
by ICP-MS in the Radiogenic Isotope facility at the Univer-
sity of Alberta (Zarcinas et al. 1987). For the determination
of foliar N concentration for all species as well as necrotic
trembling aspen leaf tissue from the overwintering experi-
ment, approximately 2 mg of dried ground samples were
analyzed using a CE 440 CHN Elemental Analyzer (Exeter
Analytical, MA, USA).

@ Springer

Measurements in green, chlorotic, and necrotic foliar tissue
in trembling aspen

The process of accelerated foliar chlorosis was studied in
further detail in trembling aspen from the overwintering
experiment by analyzing both green and chlorotic foliar
tissue for the presence of reactive oxygen species (ROS),
relative chlorophyll:carotenoid ratio, and nighttime res-
piration. The presence of ROS in green and yellow foliar
tissue was tested using the ROS-specific fluorescent probe
2,7-dichlorofluorescein-diacetate (DCFH-DA; Invitrogen,
Carlsbad, CA, USA). Excised leaf segments were incubated
in 5 pM DCFH-DA for 15 min and then washed three times
with deionized water to remove unbound probe. Bright-
field and fluorescent imaging (ex 488 nm/em 525 nm) was
conducted on a Leica DMRXA compound light micro-
scope with a QI click camera (Leica Microsystems, Buffalo
Grove, IL). Hyperspectral imaging of green and yellow foliar
tissue was taken using a Colorflow XR1 camera (Stream
Technologies Inc., Edmonton, AB, Canada). The relative
chlorophyll:carotenoid ratio was calculated using an equa-
tion simplified from Sims and Gamon (2002), where the
relative chlorophyll:carotenoid ratio =645 nm/531 nm. Res-
piration rates of green and yellow foliar tissue were meas-
ured at night using a Li-Cor 6400XT as described above but
without light.

Statistical analysis

All data were analyzed using R (https://www.R-project.
org). A P value of P<0.05 was chosen for all analyses.
For the recovery experiment, all dependent variables were
analyzed using a type III two-way ANOVA linear fixed-
effects model with NaCl treatment and day of recovery as
fixed independent variables. The model equation used was
Yi=p+S;+T;+(S *T);+ E; where Yy is the ;th obser-
vation of the ;th and jth treatments, [ is the sample mean,
S; is the ;th NaCl treatment and 7} is the ;th day of recovery.
The variable in parenthesis is the interaction between NaCl
and the day of recovery. Tukey’s HSD tests were used when
significant differences were detected. To reduce the occur-
rences of type II statistical errors, only one-way post hoc
analyses were conducted. Differences at a specific time point
are represented by letters whereas differences from day 0
of recovery within the same treatment are represented by
an asterisk (*). To compare the percent of necrotic foliar
tissue to living tissue in trembling aspen and tamarack, data
were pooled between sampling periods based on the NaCl
treatment. The percent of necrotic foliar tissue for trembling
aspen and tamarack was analyzed using a one-way ANOVA
linear fixed-effects model with NaCl as a fixed independent
variable. The model equation is Y;=u+S;+ £; where S, is
the ;th NaCl treatment. Tukey’s HSD post hoc test was used
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when significant differences were detected. Significant dif-
ferences are represented by letters. Data that did not meet
the ANOVA assumptions of normality of distribution and
homogeneity of variance were logl0 transformed before
analysis. Multivariate analysis was performed using princi-
pal component analysis (PCA) with physiological variables
as vectors. Data from each treatment were averaged to create
a single response point for each variable per treatment.

For the overwintering experiment, all dependent vari-
ables were analyzed using a type III two-way ANOVA lin-
ear fixed-effects model with NaCl treatment in year 1 and
NaCl treatment in year 2 as fixed independent variables. The
model equation is Y3 =u+O;+T;+(0 *T);+ €, where
Y is the ;th observation of the ;th and ;th treatments, p
is the sample mean, O, is the ;th NaCl treatment in year
1 and T is the ;th NaCl treatment in year 2. The variable
in parenthesis is the interaction between NaCl treatment in
year 1 and NaCl treatment in year 2. To reduce complex-
ity and the occurrence of type II statistical errors, Fisher’s
LSD post hoc test was used when significant differences
were detected. Asterisks (¥) represent differences between
the control and NaCl stress treatments from year 2 for seed-
lings with the same watering regime from year 1. Carets
(M) represent differences between NaCl treatments in year
1 within the respective NaCl treatments from year 2. To
compare the elemental concentrations of green and necrotic
foliar tissue in trembling aspen, data from NaCl treatments
from year 1 was pooled based on the NaCl treatment in year
2. The data were then analyzed using a one-way ANOVA
linear fixed-effects model with NaCl as a fixed independent
variable. The model equation is Y;;=u+S;+ &€, where Y;; is
the ;th observation of the ;th treatment, u is the sample mean,
and S, is the ;th NaCl treatment from year 2. Significant dif-
ferences between treatments were analyzed using Tukey’s
HSD test and are represented by letters. Data collected prior
to the experiment, the relative chlorophyll:carotenoid ratio,
and nighttime respiration were analyzed using Student’s ¢
test. Data that did not meet the assumptions of normality of
distribution and homogeneity of variance were log10 trans-
formed before statistical analysis. Multivariate analysis was
performed using principal component analysis (PCA) with
physiological variables as vectors. Data from each treatment
were averaged to create a single response point for each vari-
able per treatment.

Results
Recovery experiment
With the exception of dry weight in trembling aspen, all

physiological variables in the examined species returned to
control levels after 60 days of recovery from the 50 mM

NaCl treatment. Recovery for seedlings exposed to 100 mM
NaCl differed by species. Trembling aspen exhibited an abil-
ity to recover primarily through full defoliation during the
stress period followed by re-flushing of new foliar tissue
during the recovery period. New leaves had higher levels of
the measured physiological variables. Tamarack exposed to
100 mM NacCl showed lowered physiological function after
60 days of recovery compared to 0 and 50 mM treatments. In
trembling aspen and tamarack, seedlings treated with 50 mM
NaCl exhibited physiological similarities to seedlings treated
with 100 mM NaCl (brown ovals). However, after 30 days
of recovery, seedlings treated with 50 mM NaCl exhibited
physiological similarities to seedlings treated with 0 mM
NaCl (blue and green ovals) (Fig. 1a and b). White spruce
seedlings treated with 50 mM NaCl exhibited physiological
similarities to seedlings treated with 0 mM NaCl after treat-
ment and during the recovery period (green oval), whereas
seedlings treated with 100 mM NaCl had lower physiologi-
cal variables during the recovery period compared to seed-
lings treated with 0 mM NaCl (brown oval) (Fig. 1c).

Trembling aspen

In trembling aspen, 50 and 100 mM NaCl treatments reduced
total dry weights compared to control treatments, and these
reductions did not recover over time. The total chlorophyll
concentration significantly decreased after treatments with
50 and 100 mM NaCl but recovered to control levels after
30 days of recovery. In most cases, A showed no significant
differences between NaCl treatments at 0 and 30 days after
recovery. Treatments with 50 and 100 mM NaCl caused E
to decrease, but these values returned to control levels after
30 days of recovery. Interestingly, seedlings treated with
100 mM NaCl that re-flushed new leaves after 60 days of
recovery had the highest chlorophyll concentration, A, and
WUE values compared to other NaCl treatments (Table 1).
Foliar Na levels were below 0.05% DW with no significant
differences between treatments (Fig. 2a). Seedlings treated
with 50 and 100 mM NaCl exhibited significant increases in
foliar K. These values returned to control levels after 30 days
of recovery in seedlings treated with 50 mM NaCl, whereas
seedlings treated with 100 mM NaCl had significantly higher
levels of foliar K during the recovery period (Fig. 3a).

Tamarack

In tamarack, both 50 and 100 mM NaCl treatments caused
no significant changes in total dry weight and chlorophyll
concentration at day 0 of recovery. All seedlings continued
to increase in total dry weight during the recovery period,;
however, seedlings treated with 100 mM NaCl showed sig-
nificantly lower total dry weight and chlorophyll concentra-
tion during the recovery period. The rate of A decreased in
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seedlings treated with 50 and 100 mM NaCl and remained
lower than control values after 30 days of recovery. After
60 days of recovery, A returned to control levels in seed-
lings treated with 50 mM NaCl but not seedlings treated
with 100 mM NaCl. Treatments with 50 and 100 mM NaCl
caused significant decreases in E at day O of recovery;
however, no differences in E were found after 30 days of
recovery. The WUE increased in all treatments during the
recovery period, but WUE was lower in seedlings treated
with NaCl (Table 1). Foliar Na increased significantly and
proportionally from NaCl treatments (Fig. 2b). Foliar K
was elevated in seedlings treated with 50 and 100 mM NaCl
compared to control seedlings. These values returned to con-
trol levels after 30 days of recovery (Fig. 3b).
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White spruce

In white spruce, 50 and 100 mM NacCl treatments caused
no significant changes in total dry weight and chloro-
phyll concentration. The rates of A were similar in the
0 and 50 mM NaCl treatments at all timepoints. Seed-
lings treated with 100 mM NacCl first showed a significant
decrease in A but showed a full recovery after 60 days.
Rates of E showed no differences between NaCl treat-
ments for all timepoints. The WUE of seedlings treated
with 100 mM NaCl was lower at all timepoints (Table 1).
The foliar Na concentration increased in seedlings treated
with 100 mM NaCl and remained high after 60 days of
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Table 1 Effects of a 60 day NaCl treatment followed by a 60 day recovery period on total dry weight, chlorophyll concentration, A, E, and WUE
in trembling aspen, tamarack, and white spruce seedlings

Species Trembling aspen Tamarack White spruce
Recovery (days) 0 30 60 0 30 60 0 30 60
Total DW (g)
0 mM NaCl 1449+6.8" 41.8+11.5* 479+13*  169+14 288426 31.6+4.6™ 157+04 125+1.1 21.5+2.5%
50 mM 28.8+6.1"  20.1+24® 253+38" 150425 249+1.6™ 263+3.8% 123+17 113+1.1 19.9+23%
100 mM 215+33%  228+485"  13.6+50c 11.1+17 142+26" 183425 133+17 113+1.1 158+2.0*
Total Chlorophyll (mg/g DW)
0 mM 1344128 121+12  5.6+08° 75+05  85+0.7° 7.4+0.9° 6.1+06 53+05 7.0+05
50 mM 10.1+0.8°  107+1.7  6.1+06  62+05 8.0+0.9° 6.5+0.7* 74404  76+04 59+04
100 mM 10.6+04°>  82+09 13.1£0.6° 65+06 38+04%  36+03% 57+05 69+06 4.1+07
A (umol m2sh
0 mM 7.5+0.6 6.1+0.9 47409  58+03" 44+04° 4.0+0.5° 42404 3.1+07 45+06
50 mM 7108 5.6+0.5 47+0.8%  34+05° 28+02° 4.5+0.4 48+0.8 34+06 3.9+03
100 mM 49+1.4 5.6+0.5 9.0+0.4>  25+05° 26+04° 22+0.3° 27+05° 1.6+08 33+0.6
E (mmol m~2 s
0 mM 2.8+0.1% 3.1+03 1.9+03%  2.7+0.1*  1.9+0.2% 1.3+0.2% 1.1+£0.1  0.8+02% 13402
50 mM 22+02%®  3.1+0.1%  24+02 19402 1.4+0.1 1.8+0.2 13+03  0.8+0.1% 1.3+02
100 mM 1.6+0.4° 24+0.1 22+0.1 14+02° 1.5+02 12+0.2 09+0.1  0.6+0.1% 13+02
WUE (A/E)
0 mM 2.7+0.2 2.0+0.2 25+03 2.1+0.1 24+0.1 32403 38402 3.6+02° 36+02
50 mM 34+03 1.9403*%  2.0+0.3* 17+02  2.0+0.2 25402 38403 42+02° 32402
100 mM 3.0+0.6 23+0.2 3.3+0.1 1.8+0.1 1.8+0.2 20+03c  3.8+02 3.6+02" 3.6+02

Values represent the mean + SEM (n=6). Letters represent a significant difference between NaCl treatments at one timepoint whereas asterisks

represent a significant difference from day O of recovery within the same treatmentat P < 0.05 using Tukey’s HSD test

recovery (Fig. 2c). Treatment with 100 mM NacCl caused a
decrease in foliar K that recovered after 30 days (Fig. 3c).

Foliar chlorosis/necrosis

Trembling aspen and tamarack exhibited chlorosis followed
by necrosis staring at the foliar tips as a result of NaCl stress
(Fig. 4). In both species, the percentage of necrotic foliar
tissue increased with increasing NaCl treatment concentra-
tion. The increase in necrotic tissue was more pronounced
in trembling aspen than in tamarack (Table 2).

Overwintering experiment

In most cases, treatment with NaCl in year 2 decreased the
physiological variables in trembling aspen and tamarack
seedlings. Multiple years of NaCl stress did not alter the total
dry weight or any measured physiological variables in white
spruce. Evidence of acclimation or cumulative salt injury
was evident in all species exposed to 2 years of NaCl stress
and overwintering. In trembling aspen, seedlings treated
with 50 mM NaCl in year 1 or year 2 had lower physiologi-
cal values than seedlings treated with 0 mM NaCl in both
years (gray oval). The physiological variables of seedlings

treated with higher levels of NaCl were even lower (red oval)
(Fig. 5a). In tamarack, seedlings treated with 50 mM NaCl
in year 1 showed a negative impact on physiological vari-
ables compared to those treated with 0 mM in year 1 (brown
oval) (Fig. 5b). In white spruce, no clear trends were found
from principal component analysis, perhaps due to mostly
nonsignificant changes in physiological variables as a result
of NaCl treatment (Fig. 5c).

Trembling aspen

Trembling aspen exhibited lower total dry weight after 50
and 100 mM NaCl treatment in year 2 regardless of NaCl
treatment in year 1. Seedlings treated with 100 mM NaCl in
year 2 had lower chlorophyll concentrations and A regard-
less of NaCl treatment in year 1. Seedlings treated with
0 mM NaCl in year 1 exhibited lower E when treated with
NaCl in year 2; however, seedlings treated with 50 mM NaCl
in year 1 had no changes in E when treated with NaCl in year
2. No changes to WUE were found (Table 3). Similar to the
recovery experiment, foliar Na was remarkably low for all
NaCl treatments (Fig. 2d). Seedlings exhibited a significant
increase in foliar K concentration in 50 and 100 mM NaCl
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treatments in year 2 treatments regardless of NaCl treatment
in year 1 (Fig. 3d).

Tamarack

Tamarack treated with NaCl in year 2 exhibited decreases
in total dry weight. This trend was enhanced in seedlings
treated with 50 mM NaCl in year 1. No significant changes
in foliar chlorophyll concentrations were observed between
the treatments. Treatment with NaCl in year 2 caused
decreases in A. Seedlings treated with 50 mM NaCl in year
1 were higher than those for seedlings treated with 0 mM
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NaCl when treated with NaCl in year 2. Seedlings treated
with 0 mM NaCl in year 1 showed a decline in E when sub-
jected to 100 mM NaCl treatment in year 2, whereas seed-
lings treated with 50 mM NaCl in year 1 showed no changes
in 50 and 100 mM NacCl treatments in year 2. Treatment
with NaCl in year 2 resulted in lowered WUE. Seedlings
treated with 50 mM NaCl in year 1 exhibited higher WUE
values compared to seedlings treated with NaCl only in year
2 (Table 3). Seedlings treated with NaCl in year 1 or year 2
exhibited higher concentrations of foliar Na (Fig. 2e). Foliar
K increased as a result of NaCl treatment in year 2, regard-
less of NaCl treatment in year 1 (Fig. 3e).
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White spruce

NaCl treatment had relatively little effect on total dry
weight, foliar chlorophyll concentration, A, and E in white
spruce. The only exception being seedling dry weight
which was lower when treated with 50 mM NaCl in year
1 and 100 mM NacCl in year 2. No changes to WUE were
found (Table 3). Seedlings treated with NaCl showed
increases in foliar Na concentration with increasing NaCl
treatment levels (Fig. 2f). No changes in foliar K were
observed (Fig. 3f).

Visible injury

All seedlings treated with NaCl had a similar visible injury
pattern, which included yellowing at the foliar margins or
tips and eventual death of older leaves or needles. Trem-
bling aspen grew new leaves near the top of the seedling
that appeared healthy. Tamarack showed a legacy of NaCl
treatment from year 1, as some seedlings exhibited mortal-
ity of the terminal buds. White spruce showed significant
needle chlorosis and death in the previous year’s growth.
The current year’s needles in white spruce showed slight
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Fig.4 NaCl-induced foliar chlo-
rosis and necrosis in trembling
aspen (A) and tamarack (B) for
the recovery experiment

chlorosis at the needle apex, and newly formed buds
appeared healthy (Fig. 6).

Measurements in green, chlorotic, and necrotic foliar tissue
in trembling aspen

In trembling aspen, the percentage of necrotic leaf tis-
sue increased with increasing NaCl treatment in year 2.
Necrotic tissue had higher concentrations of N, P and
Na than green foliar tissue. The foliar K concentration
increased in green foliar tissue following NaCl treatments
but was lower in the necrotic tissue (Table 4). Compared
to green tissue, chlorotic tissue showed an accumulation
of reactive oxygen species, possibly near the chloroplasts
(Fig. 7a). Chlorotic foliar tissue also had a lower relative
chlorophyll:carotenoid ratio but a higher night-time respi-
ration rate than green foliar tissue (Fig. 7b and c).

Table 2 Percent of necrotic foliar tissue for trembling aspen and tam-
arack from the recovery experiment

Recovery (days) 0 30 60
Trembling aspen

0 mM NaCl 0? 0? 0?

50 mM 33.6+7.6° 16.2+4.2° 2534520

100 mM 43.0+5.8° 50.4+9.2° 0?
Tamarack

0 mM 0? 0? 0?

50 mM 0? 9.1+2.3° 2.7+1.0°

100 mM 15.3+0.5° 32.3+6.8° 20.4+3.8°

Values represent the mean+SEM (n=6), and letters represent a sig-
nificant difference at P <0.05 using Tukey’s HSD test
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Discussion

The purpose of this study was to generate fundamental
knowledge that is either limited or absent in the literature.
Investigations on the recovery of glycophytic plants are very
limited, whereas studies on the effects of NaCl stress after
overwintering are absent. It was anticipated that exposure
of trembling aspen, tamarack, and white spruce seedlings
to NaCl stress would elicit decreases in growth, chlorophyll
concentration, A, and E as well as accelerated foliar senes-
cence and that these variables would recover during the
recovery period. The degree and timing of the recovery was
a key question to be determined from the recovery experi-
ment. The overwintering experiment was an investigation
into whether seedlings treated with sublethal levels of NaCl
followed by overwintering would exhibit an acclimation or
cumulative injury when treated with NaCl in the second
year. It was hypothesized that NaCl stress and overwinter-
ing in year 1 would hinder the ability of seedlings to recover
from NaCl stress in year 2. Therefore, visible signs of injury
were combined with physiological and elemental data to pro-
vide insight into potential mechanisms of acclimation and
cumulative salt injury.

General observations

It is encouraging that the examined species in this study
showed the ability to recover physiological variables after
long-term exposure to 50 mM NaCl because this treatment
level is slightly higher than the 4 dS m™? soil surface EC
threshold for boreal forest vegetation in natural settings
(Purdy et al. 2005; Lilles et al. 2010). The findings for trem-
bling aspen and white spruce from both studies are com-
parable to studies of naturally saline sites in boreal forests
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where these species have shown productive growth on sites
with soil EC as high as 7.8 dS m™ (~ 80 mM NaCl). Trem-
bling aspen grew on all sites but exhibited decreased growth
as soil EC increased, whereas white spruce appeared to be
unaffected (Lilles et al. 2012). Similar to a previous report,
tamarack exhibited moderate tolerance to NaCl in this study
(Renault 2005). All species examined in this study are fea-
sible for use in reclamation. The effects of NaCl stress on
tamarack are limited (Renault 2005); thus, observations from
this study are highlighted below.

In both experiments tamarack seedlings exhibited sig-
nificant decreases in A compared to E leading to lowered
WUE from NaCl stress. This suggests the decreases in
WUE were attributed to inhibition at the chloroplasts.

Potential mechanisms for this trend may be increased
photoinhibition and subsequent ROS production (Maso-
jidek et al. 1991; Waraich et al. 2011). A notable trend
was found in the overwintering experiment where seed-
lings exposed to 2 years of NaCl stress had elevated A and
WUE compared to seedlings exposed to NaCl in year 2
alone. The partial recovery of WUE in tamarack seedlings
exposed to NaCl in 2 consecutive years may be attributed
to enhanced control over photoinhibition or ROS accumu-
lation (Waraich et al. 2011). The partial recovery of A and
WUE from multiple years of NaCl stress is encouraging
and may represent an undescribed adaptive mechanism to
cope with elevated soil NaCl.
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Table 3 Effects of a 60 day

. Species Trembling aspen Tamarack White spruce
NaCl treatment in year 2 on
trembling aspen, tamarack, Year 1 NaCl Treatment 0 mM 50 mM 0 mM 50 mM 0 mM 50 mM
and white spruce seedlings
treated with 0 or 50 mM NaCl Total DW (g)
in year one on total dry weight, 0 mM NaCl 109.7+2.8 77.7+6.4" 95.6+5.7 70.7+4.10 429446 347+32
chlorophyll concentration, A, E, 50 mM 64.7£6.6% 46.9£3.9%"  76.6+£5.6* 66351  429+77 384143
and WUE 100 mM 447+57% 484+434%  T84+47% 553+3.1%0 455+38 32.0+3.90
Total Chlorophyll (mg/g DW)
0 mM 92+06 99+1.0 7.7+0.8 82+0.8 6.6+05 54+0.6
50 mM 8.6+0.8 7.8+09 9.4+09 7.5+0.8 6.8+0.8 6.2+0.6
100 mM 6.6+0.6% 5.1+0.5% 8.5+0.8* 6.6+0.6 54405 53+0.5
A (umol m-2 s7h
0 mM 51+£07 3.5+027 51+£05 4.0+0.6 1.1£05 0.5+0.3
50 mM 42406 34+04 1.9+0.5% 33+1.0 1.0+£0.6 2.1+09
100 mM 23+04% 2.1+0.3% 0.0+£0.6* 1.1+0.6%A 09+05 04+0.2
E (mmol m-2 s-1)
0 mM 20+02 1.6+0.1 28+04 19+0.1* 1.5+£04 0.9+0.2
50 mM 1.4+0.1* 1.3+0.2 29403 22403 14+£04 19+05
100 mM 1.2+0.1* 1.4+0.1 1.3+£0.2% 2.3+0.27 14+02 1.0+0.1
WUE (A/E)
0 mM 27+04 23403 20+04 2.0+0.3 09+03 0.8+04
50 mM 29402 2.8+0.3 0.6+0.2% 1.3+04" 0.7+£0.5 14+04
100 mM 1.9+02 1.5+0.2 -02+05" 0.6+0.3 0.6+03 04+0.2

Values represent the mean+SEM (n=6). Asterisks represent differences between the control and NaCl
stress treatments from year 2 for seedlings with the same watering regime from year 1 and carets repre-
sent differences between NaCl treatments in year 1 within the respective NaCl treatments from year 2 at
P < 0.05 using Tukey’s HSD test

Fig.6 NaCl-induced visible injury in trembling aspen (A), tamarack (B), and white spruce (C) for the overwintering experiment

Many tamarack seedlings exposed to NaCl in year one
exhibited terminal bud dieback in year 2. Considering
that tamarack exhibits an excurrent growth pattern with
one dominant central stem, this defect caused by NaCl
stress and overwintering could make a mature tree more
susceptible to wind damage. It may be advantageous to
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correct this defect by pruning to create one dominant lead-
ing branch while the tree is young. Considering that the
phenomenon of terminal bud dieback only occurred in
seedlings exposed to NaCl stress in year 1, it was attrib-
uted to the combined stresses of NaCl and overwinter-
ing which may have interfered with cellular supercooling
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Table 4 Percentage of necrotic

A - 0 mM NaCl 50 mM 100 mM 50 mM Necrotic 100 mM Necrotic
tissue and foliar elemental
concentrations of green and % Necrotic N.A N.A N.A 349+63" 532473
necrotic tissue in trembling N (% DW) 18+0.1° 21401  2.0+0.1° 2240.1° 2.140.1°
aspen from the overwintering
experiment P (% DW) 0.2+0.01° 0.2+0.02* 0.3+0.01* 0.3+0.02% 0.2+0.01*
K (% DW) 1.1+0.1° 1.5+0.1° 2.1+0.1* 1.2+0.1¢ 1.8+0.1°
Na (ppm DW) 54.9+7.0° 54.7+54° 68.9+4.7° 101.5+12.9* 97.7+10.1*

Values represent the mean+ SEM (n=12), and letters represent a significant difference at P < 0.05 using

Tukey’s HSD test

Green

Yellowing

8 P < 0.001

Relative CCR (645 nm / 531 nm)

Green
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Fig.7 Comparison of green and NaCl-induced foliar yellowing in
trembling aspen from the overwintering experiment for the presence
of ROS (A), relative chlorophyll:carotenoid ratio (B), and nighttime
respiration (C). Tissue was stained for the presence of ROS using the

mechanisms, resulting in terminal bud dieback. The pre-
dominant cause of frost injury in perennial plants is cel-
lular desiccation caused by the formation of extracellular
ice. Cellular supercooling is a response observed in woody
plants to prevent ice nucleation within the cell. The pro-
cess involves changes in cell membrane lipid content as
well as increases in cytosolic sugars and hydrophilic poly-
peptides (Bertrand and Castonguay 2003). This process
has been observed in many tissue types, including buds
(George and Burkey 1984). The addition of Na within

Respiration (i mol m2s™")

P < 0.001

0.6

0.4 —

0.0 —

Green

Yellowing

fluorescent probe DCFH-DA. The red color represents the autofluo-
rescence of chlorophyll, whereas the green color represents the pres-
ence of ROS. Values in bar graphs represent the mean + SEM (n=6)

the tissue likely had negative effects on cellular function,
potentially including cellular supercooling.

Mechanisms of acclimation to NaCl stress

Long-term exposure of plants to elevated soil Na leads
to ion toxicity in plants and causes reduced physiologi-
cal function (Munns and Tester 2008; Liang et al. 2018;
Isayenkov and Maathuis 2019). Thus, the management
of Na within plant tissue may facilitate the recovery
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of physiological processes. Several similarities were
observed between species in both experiments because of
NaCl stress. First, trembling aspen and tamarack exhibited
elevated foliar K in response to NaCl treatment. Second,
all species exhibited accelerated foliar chlorosis and necro-
sis. Finally, trembling aspen exhibited remarkably low
foliar Na, whereas tamarack and white spruce exhibited
high levels of foliar Na, even as physiological variables
recovered from the initial NaCl stress. The benefits and
potential mechanisms of these observations are discussed
below.

Increased foliar K

Trembling aspen and tamarack exhibited increases in foliar
K from NaCl treatments in both experiments. In trembling
aspen, the increase in foliar K and low Na concentration
resulted in a lowered Na:K ratio in both experiments in
response to NaCl stress. Elevated foliar K may have aided
the recovery of A and E from NaCl treatment by out com-
peting Na as a cofactor for enzymatic reactions. Foliar
increases in cytoplasmic K from NaCl stress are proposed
to be a fundamental mechanism of NaCl tolerance in gly-
cophytic plants and maintaining a low foliar Na:K ratio
can reduce physiological signs of NaCl stress (Munns and
Tester 2008; Wang et al. 2013; Wu et al. 2018). The rea-
son for this strategy has yet to be fully elucidated, but
several lines of evidence suggest that elevated foliar K is
beneficial for plants exposed to elevated soil NaCl. First,
elevated levels of shoot K are positively correlated with
higher salinity thresholds in a variety of plant species. Sec-
ond, K acts as a cofactor for enzymes essential for nearly
all growth processes in plants. Third, plants grown in soils
with low K availability are more sensitive to both NaCl
and drought stress. Finally, the exogenous application of
KCl to the foliar tissue of plants can alleviate symptoms of
poor health in soils with low potassium availability (Cak-
mak 2005; Chen et al. 2005; Escalante-Pérez et al. 2009;
Wang et al. 2013; Zorb et al. 2014; Wu et al. 2018). Thus,
it is advisable that reclamation sites have adequate levels
of available soil K to help seedlings tolerate periods of
elevated soil NaCl or other environmental stresses.

An interesting observation was made when green and
necrotic foliar tissue was separated in trembling aspen from
the overwintering experiment. The elemental concentrations
in both green and necrotic foliar tissue were then measured.
Compared to green tissue, the necrotic tissue had higher
levels of most measured elements except for K. This trend
may be an adaptation to retain foliar K in living tissue.
Elevated respiration in the yellowing region between green
and necrotic tissue may indicate the active transport of K to
green tissue.
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Foliar chlorosis/necrosis

All species exhibited chlorosis of older foliar tissue fol-
lowed by necrosis staring at the foliar tips as a result of
NaCl stress in both experiments. Accelerated foliar necrosis
is a common response of glycophytic plants to Na toxicity
and occurs after prolonged NaCl stress. This process aids
the NaCl tolerance of plants by reducing the amount of toxic
Na entering growing tissues (Munns and Tester 2008). The
foliar yellowing process was studied in more detail in trem-
bling aspen leaves from the overwintering experiment. It was
found that yellowing foliar tissue exhibited common signs of
leaf senescence, including elevated respiration but decreased
chlorophyll:carotenoid ratios, compared to green tissue. Yel-
lowing tissue also showed an accumulation of ROS in the
cells, possibly surrounding the chloroplasts. This is intrigu-
ing because foliar yellowing can be induced by NaCl, lead-
ing to a cell signaling event to trigger the vesiculation and
proteolysis of chloroplasts (Wang and Blumwald 2014). A
thorough review of foliar yellowing from NaCl stress has
yet to be conducted; however, similarities can be drawn to
drought-induced foliar yellowing. Munné-Bosch and Alegre
(2004) stated that foliar yellowing is characterized by ele-
vated levels of ABA and ROS as well as an upregulation of
senescence-associated genes and an organ-wide triggering
of programmed cell death. The yellowing process is initi-
ated by a cell signaling cascade that leads to decreased pho-
tosynthesis, chlorophyll degradation, and a loss of cellular
integrity linked to nutrient remobilization from yellowing
tissue to younger tissue. Interestingly, chloroplasts, which
contain most proteins and lipids within the cell, are targeted
for degradation. The current study did not directly show that
programmed cell death was occurring in the chlorotic region
of trembling aspen leaves, but the evidence suggests that it
is likely the case.

Foliar Na management

In both experiments, foliar Na concentrations in trembling
aspen were significantly lower than those in tamarack and
white spruce. The low levels of foliar Na in trembling aspen
may in part explain why A was mostly unaffected by NaCl
treatment in both experiments. Accelerated foliar senescence
may be one mechanism to maintain relatively low foliar Na
levels. Another possibility for low foliar Na concentrations
is ion exclusion via suberin deposition in the roots (Franke
and Schreiber 2007; Munns and Tester 2008; Wu 2018).
The mechanism of maintaining low levels of foliar Na in
trembling aspen appears to be a physiological adaptation
to NaCl stress.

Contrary to the low levels of foliar Na found in trem-
bling aspen, both tamarack and white spruce appeared to
accumulate Na in foliar tissue. In the recovery experiment,
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foliar Na remained at the same level or increased during
the recovery period for tamarack and white spruce seed-
lings. In most cases, growth, chlorophyll concentration,
A, and E were similar to or returned to control values
after 60 days of recovery. In the overwintering experi-
ment, tamarack and white spruce seedlings exhibited sig-
nificant increases in foliar Na concentration when treated
with NaCl in year 2; however, physiological variables were
not correlated with foliar Na concentration. In the case of
tamarack, photosynthesis was enhanced when treated with
NacCl for 2 years compared to seedlings treated with NaCl
only in the second year. Considering that cytosolic Na is
linked to decreases in growth, chlorophyll concentration,
A, and E for many plant species, it is possible that mecha-
nisms exist to reduce cytosolic Na while still accumulat-
ing in foliar tissue. Potential mechanisms of Na storage
include vacuole sequestration or storage within cell walls
(Munns and Tester 2008; Parihar et al. 2015; Solis et al.
2021). The mechanisms of foliar accumulation of Na in
tamarack and white spruce represent a tolerance strategy
that differs from trembling aspen.

Conclusion

From the recovery experiment, trembling aspen, tama-
rack, and white spruce subjected to a 60 day exposure to
50 mM NaCl exhibited a full recovery of growth, chloro-
phyll concentration, A, and E after a 60 day recovery. This
result is encouraging because the 50 mM NaCl treatment
is slightly higher than the 4 dS m~2 soil EC threshold for
boreal forest vegetation. From the overwintering experi-
ment, all species tested exhibited some injury in the form
of foliar yellowing and necrosis. However, few deleterious
effects on measured physiological variables were found
for tree seedlings treated with NaCl in year 1 followed
by overwintering. In both studies, trembling aspen and
tamarack exhibited elevated foliar K and accelerated foliar
senescence from NaCl stress. Both responses appear to be
tolerance mechanisms designed to reduce the toxic effects
of foliar Na. Foliar Na in trembling aspen was remarkably
low and was attributed to accelerated foliar senescence
and potentially ion exclusion by the roots. Both tamarack
and white spruce had increased levels of foliar Na despite
physiological variables returning to control levels during
the recovery period. This was attributed to the potential
storage of Na in the cell wall or vacuole. Taken together,
all species tested can recover from moderate levels of soil
NaCl if planted at reclamation sites with soil EC values at
or below 4 dS m~2. Furthermore, it is advised that recla-
mation sites have adequate soil K to facilitate the recovery
of the tested species from NaCl stress.

Author contribution statement NL designed the study, con-
ducted the experiments, analyzed the data, and wrote the
manuscript.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00468-022-02318-9.

Acknowledgements I am grateful for Dr. Simon Landhéusser and Dr.
Barb Thomas for providing feedback during the initial stages of draft-
ing the document. I am also grateful for the help and support from lab
members, including: Ale Equiza, Seong Hee Lee, Wenquing Zhang,
Mikal Castleton, Frank Tan, Deyu Mu, Hao Xu and Samantha Olivier.
This research was funded by the Natural Sciences and Engineering
Research Council of Canada (NSERC) and Total E&P Canada Ltd.

Author contribution statement NL designed the study, conducted the
experiments, analyzed the data, and wrote the manuscript.

Funding This research was funded by the Natural Sciences and Engi-
neering Research Council of Canada (NSERC) and Total E&P Canada
Ltd.

Declarations

Conflict of interest The author declares no competing interests.

References

Acosta-Motos JR, Diaz-Vivancos P, Alvarez S, Fernandez-Garcia N,
Sanchez-Blanco MJ, Hernandez JA (2015) Physiological and
biochemical mechanisms of the ornamental Eugenia myrtifo-
lia L. plants for coping with NaCl stress and recovery. Planta
242(4):829-846. https://doi.org/10.1007/s00425-015-2315-3

Arif Y, Singh P, Siddiqui H, Bajguz A, Hayat S (2020) Salinity
induced physiological and biochemical changes in plants: an omic
approach towards salt stress tolerance. PPB 156:64—77. https://doi.
org/10.1016/j.plaphy.2020.08.042

Berkowitz N, Speight JG (1975) The oil sands of Alberta. Fuel
54(3):138-149. https://doi.org/10.1016/0016-2361(75)90001-0

Bertrand A, Castonguay Y (2003) Plant adaptations to overwinter-
ing stresses and implications of climate change. Can J Bot
81(12):1145-1152. https://doi.org/10.1139/b03-129

Boursiac Y, Chen S, Luu DT, Sorieul M, van den Dries N, Maurel C
(2005) Early effects of salinity on water transport in Arabidopsis
roots. Molecular and cellular features of aquaporin expression.
Plant Physiol 139(2):790-805. https://doi.org/10.1104/pp.105.
065029

Cakmak I (2005) The role of potassium in alleviating detrimen-
tal effects of abiotic stresses in plants. J Plant Nutr Soil Sci
168(4):521-530. https://doi.org/10.1002/jpln.200420485

Carrera-Hernandéz JJ, Mendoza CA, Devito KJ, Petrone RM, Smerdon
BD (2012) Reclamation for aspen revegetation in the Athabasca
oil sands: understanding soil water dynamics through unsaturated
flow modeling. Can J Soil Sci 92(1):103-116. https://doi.org/10.
4141/cjss2010-035

Chaves MM, Flexas J, Pinheiro C (2009) Photosynthesis under drought
and salt stress: regulation mechanisms from whole plant to cell.
Ann Bot-London 103(4):551-560. https://doi.org/10.1093/aob/
menl25

@ Springer


https://doi.org/10.1007/s00468-022-02318-9
https://doi.org/10.1007/s00425-015-2315-3
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.1016/0016-2361(75)90001-0
https://doi.org/10.1139/b03-129
https://doi.org/10.1104/pp.105.065029
https://doi.org/10.1104/pp.105.065029
https://doi.org/10.1002/jpln.200420485
https://doi.org/10.4141/cjss2010-035
https://doi.org/10.4141/cjss2010-035
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1093/aob/mcn125

Trees

Chen Z, Newman I, Zhou M, Mendham N, Zhang G, Shabala S (2005)
Screening plants for salt tolerance by measuring K flux: a case
study for barley. Plant Cell Environ 28(10):1230-1246. https://
doi.org/10.1111/5.1365-3040.2005.01364.x

Delfine S, Alvino A, Villani MC, Loreto F (1999) Restrictions to car-
bon dioxide conductance and photosynthesis in spinach leaves
recovering from salt stress. Plant Physiol 119(3):1101-1106.
https://doi.org/10.1104/pp.119.3.1101

Escalante-Pérez M, Lautner S, Nehls U, Selle A, Teuber M, Schnitzler
JP, Fromm J (2009) Salt stress affects xylem differentiation of gray
poplar (Populus X canescens). Planta 229(2):299-309. https://doi.
org/10.1007/s00425-008-0829-7

Franke R, Schreiber L (2007) Suberin—a biopolyester forming apo-
plastic plant interfaces. Curr Opin Plant Biol 10(3):252-259.
https://doi.org/10.1016/j.pbi.2007.04.004

George MF, Burke MJ (1984) Supercooling of tissue water to extreme
low temperature in overwintering plants. Trends Biochem Sci
9(5):211-214. https://doi.org/10.1016/0968-0004(84)90066-5

Giesy JP, Anderson JC, Wiseman SB (2010) Alberta oil sands devel-
opment. Proc Natl Acad Sci 107(3):951-952. https://doi.org/10.
1073/pnas.0912880107

Government of Alberta (2010) Environmental Protection and Enhance-
ment Act (Chapter E-13.3). Queen’s printer, Government of
Alberta, Edmonton, AB. 152 p.

Isayenkov SV, Maathuis FJ (2019) Plant salinity stress: many unan-
swered questions remain. Front Plant Sci 10:80. https://doi.org/
10.3389/fpls.2019.00080

Kessler S, Barbour SL, Van Rees KC, Dobchuk BS (2010) Salinization
of soil over saline-sodic overburden from the oil sands in Alberta.
Can J Soil Sci 90(4):637-647. https://doi.org/10.4141/cjss10019

Kozlowski TT (2000) Responses of woody plants to human-induced
environmental stresses: issues, problems, and strategies for alle-
viating stress. Crit Rev Plant Sci 19(2):91-170. https://doi.org/10.
1080/07352680091139196

Lee SH, Calvo-Polanco M, Chung GC, Zwiazek JJ (2010) Role of
aquaporins in root water transport of ectomycorrhizal jack pine
(Pinus banksiana) seedlings exposed to NaCl and fluoride. Plant
Cell Environ 33(5):769-780. https://doi.org/10.1111/j.1365-3040.
2009.02103.x

Liang W, Ma X, Wan P, Liu L (2018) Plant salt-tolerance mechanism:
a review. BBRC 495(1):286-291. https://doi.org/10.1016/j.bbrc.
2017.11.043

Lilles EB, Purdy BG, Chang SX, Macdonald SE (2010) Soil and
groundwater characteristics of saline sites supporting boreal
mixedwood forests in northern Alberta. Can J Soil Sci 90(1):1-14.
https://doi.org/10.4141/CJSS08040

Lilles EB, Purdy BG, Macdonald SE, Chang SX (2012) Growth of
aspen and white spruce on naturally saline sites in northern
Alberta: implications for development of boreal forest vegetation
on reclaimed saline soils. Can J Soil Sci 92(1):213-227. https://
doi.org/10.4141/cjss2010-032

Masojidek J, Trivedi S, Halshaw L, Alexiou A, Hall DO (1991) The
synergistic effect of drought and light stresses in sorghum and
pearl millet. Plant Physiol 96(1):198-207. https://doi.org/10.1104/
pp-96.1.198

Munné-Bosch S, Alegre L (2004) Die and let live: leaf senescence
contributes to plant survival under drought stress. Funct Plant Biol
31(3):203-216. https://doi.org/10.1071/FP03236

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu
Rev Plant Biol 59:651-681. https://doi.org/10.1146/annurev.arpla
nt.59.032607.092911

@ Springer

Parihar P, Singh S, Singh R, Singh VP, Prasad SM (2015) Effect of
salinity stress on plants and its tolerance strategies: a review.
Environ Sci Pollut Res 22(6):4056—4075. https://doi.org/10.1007/
s11356-014-3739-1

Purdy BG, Macdonald ES, Lieffers VJ (2005) Naturally saline boreal
communities as models for reclamation of saline oil sand tailings.
Restor Ecol 13(4):667-677. https://doi.org/10.1111/j.1526-100X.
2005.00085.x

Renault S (2005) Tamarack response to salinity: effects of sodium chlo-
ride on growth and ion, pigment, and soluble carbohydrate levels.
Can J for Res 35(12):2806-2812. https://doi.org/10.1139/x05-194

Renault S, Paton E, Nilsson G, Zwiazek JJ, MacKinnon MD (1999)
Responses of boreal plants to high salinity oil sands tailings water.
JEQ 28(6):1957-1962. https://doi.org/10.2134/jeq1999.00472
425002800060035x

Sestak Z, Catsky J, Jarvis PG (1971) Plant photosynthetic production.
Manual of Methods. Dr. W. Junk Publishers, The Hague

Shabala S, Munns R (2012) Salinity stress: physiological constraints
and adaptive mechanisms. Plant Stress Physiol 1(1):59-93. https://
doi.org/10.1079/9781780647296.0024

Sims DA, Gamon JA (2002) Relationships between leaf pigment con-
tent and spectral reflectance across a wide range of species, leaf
structures and developmental stages. Remote Sens Environ 81(2—
3):337-354. https://doi.org/10.1016/S0034-4257(02)00010-X

Solis CA, Yong MT, Venkataraman G, Milham P, Zhou M, Shabala L,
Chen ZH (2021) Sodium sequestration confers salinity tolerance
in an ancestral wild rice. Physiol Plant 172(3):1594-1608. https://
doi.org/10.1111/ppl.13352

Wang S, Blumwald E (2014) Stress-induced chloroplast degradation in
Arabidopsis is regulated via a process independent of autophagy
and senescence-associated vacuoles. Plant Cell 26(12):4875-
4888. https://doi.org/10.1105/tpc.114.133116

Wang M, Zheng Q, Shen Q, Guo S (2013) The critical role of potas-
sium in plant stress response. Int J Mol Sci 14(4):7370-7390.
https://doi.org/10.3390/ijms 14047370

Waraich EA, Ahmad R, Ashraf MY, Saifullah AM (2011) Improving
agricultural water use efficiency by nutrient management in crop
plants. Acta Agriculturae Scand B-Soil Plant Sci 61(4):291-304.
https://doi.org/10.1080/09064710.2010.491954

Wu H (2018) Plant salt tolerance and Na+ sensing and transport. Crop
J6(3):215-225. https://doi.org/10.1016/j.cj.2018.01.003

Wu H, Zhang X, Giraldo JP, Shabala S (2018) It is not all about
sodium: revealing tissue specificity and signaling roles of potas-
sium in plant responses to salt stress. Plant Soil 431(1):1-17.
https://doi.org/10.1007/s11104-018-3770-y

Zarcinas BA, Cartwright B, Spouncer LR (1987) Nitric acid diges-
tion and multi-element analysis of plant material by inductively
coupled plasma spectrometry. Commun Soil Sci Plant Anal
18(1):131-146. https://doi.org/10.1080/00103628709367806

Zorb C, Senbayram M, Peiter E (2014) Potassium in agriculture—status
and perspectives. Plant Physiol 171(9):656—669. https://doi.org/
10.1016/j.jplph.2013.08.008

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/j.1365-3040.2005.01364.x
https://doi.org/10.1111/j.1365-3040.2005.01364.x
https://doi.org/10.1104/pp.119.3.1101
https://doi.org/10.1007/s00425-008-0829-7
https://doi.org/10.1007/s00425-008-0829-7
https://doi.org/10.1016/j.pbi.2007.04.004
https://doi.org/10.1016/0968-0004(84)90066-5
https://doi.org/10.1073/pnas.0912880107
https://doi.org/10.1073/pnas.0912880107
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.4141/cjss10019
https://doi.org/10.1080/07352680091139196
https://doi.org/10.1080/07352680091139196
https://doi.org/10.1111/j.1365-3040.2009.02103.x
https://doi.org/10.1111/j.1365-3040.2009.02103.x
https://doi.org/10.1016/j.bbrc.2017.11.043
https://doi.org/10.1016/j.bbrc.2017.11.043
https://doi.org/10.4141/CJSS08040
https://doi.org/10.4141/cjss2010-032
https://doi.org/10.4141/cjss2010-032
https://doi.org/10.1104/pp.96.1.198
https://doi.org/10.1104/pp.96.1.198
https://doi.org/10.1071/FP03236
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1111/j.1526-100X.2005.00085.x
https://doi.org/10.1111/j.1526-100X.2005.00085.x
https://doi.org/10.1139/x05-194
https://doi.org/10.2134/jeq1999.00472425002800060035x
https://doi.org/10.2134/jeq1999.00472425002800060035x
https://doi.org/10.1079/9781780647296.0024
https://doi.org/10.1079/9781780647296.0024
https://doi.org/10.1016/S0034-4257(02)00010-X
https://doi.org/10.1111/ppl.13352
https://doi.org/10.1111/ppl.13352
https://doi.org/10.1105/tpc.114.133116
https://doi.org/10.3390/ijms14047370
https://doi.org/10.1080/09064710.2010.491954
https://doi.org/10.1016/j.cj.2018.01.003
https://doi.org/10.1007/s11104-018-3770-y
https://doi.org/10.1080/00103628709367806
https://doi.org/10.1016/j.jplph.2013.08.008
https://doi.org/10.1016/j.jplph.2013.08.008
https://www.researchgate.net/publication/361384608

	Recovery of Trembling Aspen, Tamarack, And White Spruce Seedlings From NaCl Stress Following Winter Dormancy: Implications for Increased Foliar Potassium, Necrosis, And Sodium Management as Stress Resistance Mechanisms
	Recommended Citation

	Recovery of trembling aspen, tamarack, and white spruce seedlings from NaCl stress following winter dormancy: implications for increased foliar potassium, necrosis, and sodium management as stress resistance mechanisms
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant material, growth conditions, and NaCl treatment
	Recovery experiment
	Overwintering experiment

	Measurements
	Gas exchange
	Foliar chlorophyll concentration and dry weight
	Foliar elemental analysis
	Measurements in green, chlorotic, and necrotic foliar tissue in trembling aspen
	Statistical analysis


	Results
	Recovery experiment
	Trembling aspen
	Tamarack
	White spruce
	Foliar chlorosisnecrosis

	Overwintering experiment
	Trembling aspen
	Tamarack
	White spruce
	Visible injury
	Measurements in green, chlorotic, and necrotic foliar tissue in trembling aspen


	Discussion
	General observations
	Mechanisms of acclimation to NaCl stress
	Increased foliar K
	Foliar chlorosisnecrosis
	Foliar Na management


	Conclusion
	Acknowledgements 
	References


