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Salinity tolerance is an important adaptive trait for land reclamation, particularly after petroleum
extraction from the Athabasca oil sands “gigaproject” in western Canada. We compared survival, biomass
yield and allocation, and biochemical efficiency for three willow species: Salix discolor (DIS),
S. eriocephala (ERI), and S. interior (INT) grown under control (CTL) and medium and high salinity
treatments (MST and HST, target EC ¼ 1.5 and 3.0 mS cm�1, respectively). In HST, all DIS and ERI plants
died, but 33% of INT plants survived. For DIS and ERI, total aboveground (AG) dry mass decreased from
CTL to MST, whereas for INT, AG dry mass increased slightly in MST and also increased further in HST.
Stem length was not influenced by salinity treatment; however, there was a significant treatment x
species interaction for basal diameter resulting from a basal diameter decrease in DIS and ERI and in-
crease in INT with increasing salinity. Maximum rate of carboxylation and electron transport showed
equal or greater values for DIS and ERI in MST compared with CTL, but INT displayed a greater stimu-
lation (1.3x) in the MST and HST. Across species and salinity treatments, corresponding biochemical
efficiency traits showed a significant positive relationship to total AG dry mass, strongly supporting the
theory of sink regulation of photosynthetic capacity. All final biomass and survival traits had significant
genotype or genotype x salinity treatment interactions, but only one such effect was found for
biochemical efficiency traits. The saline tolerance of INT may be due to natural selection in the arid
regions of the southwest USA, where it is thought to have its evolutionary origins.

Crown Copyright © 2017 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Willows are among the first early successional woody plants to
colonize disturbed sites [1,2]. There are 76 willow species native to
Canada and 108 native to the United States [3], yet despite this
species richness and ecological importance in highly disturbed
environments, native willows have received limited attention in
North America compared with willows native to Europe. More
recently, there has been a growing interest in using native North
American willows for various environmental applications and land
reclamation [4e6]. Salinity tolerance can be an important adaptive
trait for reclamation of mine sites such as the oil sands in western
Canada [7]. Salinity often affects plant anatomy, physiology,
biomass yield, biomass allocation, and survival, depending on
willow hybrid, variety, or species comparisons [8,9]. In a recent
mini-review of knowledge gaps in salinity tolerance of willows and
.
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poplars by Mirck and Zalesny [10], there were only two articles
relating to willows. Generally, plants tolerate salinity up to a
threshold, after which biomass yield decreases approximately lin-
early [10]. Accumulation of Naþ in leaves can lead to strong growth
reduction in leaf area or leaf mortality, first with older leaves and
then progressively up the stem into younger foliage, thereby
negatively affecting growth [11]. Some species not only tolerate
high salinity but can attain optimal levels of growth under saline
conditions [11,12]. Halophyte species have mechanisms to cope
with salinity, but these mechanisms require a diversion of energy
from the plant for increased respiration for salinity pumping and
storage, and this may be expected to reduce productivity.

Salix discolor Muhl. (DIS) and S. eriocephala Michx. (ERI) are
native to eastern and central Canada and appeared promising as
fast-growing sources of woody biomass production [6]. Although
both DIS and ERI are commonly found in wet areas on a wide va-
riety of disturbed sites, DIS can also colonize drier, upland sites,
whereas ERI is most commonly associated with disturbed stream
banks adjacent to fast-flowing water in riparian habitats. Salix
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Nomenclature

A assimilation
AG aboveground
CFS-AFC Canadian Forest Service - Atlantic Forestry Centre
CTL control treatment
DIS Salix discolor Muhl.
EC electrical conductivity
ERI Salix eriocephala Michx.
INT Salix interior Rowlee
HST high salinity treatment
MST medium salinity treatment
VIM Salix viminalis L.
VPD vapor pressure deficit
WUE water use efficiency
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interior Rowlee (INT) is primarily a colonizer of highly disturbed
streambanks in riparian habitats across much of North America.
Each of these shrub willows normally attain heights of 2e6 m. The
willow species and genotypes used in this study are adapted to low-
fertility sites such as the shale rock overburden that dominates
coal-mining operations in eastern Canada, where many of our field
tests are located [6,13,14].

Adaptations related to carbon assimilation are important to
plant fitness and growth and have important implications for both
inter- and intraspecific competition [15]. Longer-term regulation of
the photosynthetic capacity, also known as biochemical regulation,
often occurs in response to environmental changes and results in
changes to carboxylation efficiency, electron transport efficiency,
and related traits [16,17]. Salinity can affect traits such as water use
efficiency (WUE), chlorophyll content, and carboxylation efficiency
[18,19]. We hypothesized that there might be important differences
among species and genotypes in survival, biomass yield and allo-
cation, and biochemical efficiency traits under different saline en-
vironments. We also tested the theory of sink regulation of the
photosynthetic capacity by examining biochemical efficiency traits
in relation to biomass responses to salinity [20,21]. Our specific
objectives were to (1) quantify willow species variation in survival,
biomass yield and allocation, and biochemical efficiency parame-
ters in response to three salinity treatments, (2) examine differ-
ences in genotypic responses to salinity treatments, and (3)
examine aboveground (AG) yield relationships to biochemical ef-
ficiency traits and to leaf sodium and nutrient parameters.
2. Materials and methods

2.1. Material and growth conditions

The potted willow cuttings were rooted and grown on nine
plastic-lined, ebb-and-flow irrigation benches, measuring
1.5 � 2.4 m in surface area, at the Canadian Forest Service - Atlantic
Forestry Centre (CFS-AFC) greenhouse in Fredericton, NB, Canada
(45� 520 N, 66� 310 W). Five genotypes selected from previous
productivity and land reclamation studies from each of three wil-
low species (DIS, ERI, and INT) were used in this study (Table 1). In
addition, a single genotype of S. viminalis L. (VIM) (genotype 5027)
was included in the experiment for comparison because this ge-
notype is widely used in biomass trials in Canada [22]. Cuttings
20 cm long were previously harvested and stored frozen at�5 �C in
sealed plastic bags. On 5 May 2015, cuttings were moved to a 4 �C
cooler until 12 May, when they were soaked in water at room
temperature for 48 h prior to planting on 14 May. Cuttings were
struck individually in plastic pots (15 cm high x 14 cm diameter)
containing sand, which had previously beenwetted with tap water.

The greenhouses had natural daylength, with temperature
controls set to vent at 25 �C during the day and heat to a minimum
of 15 �C at night, with relative humidity set at 60%. Using the light
extinction method detailed by Parent and Messier [23], light levels
were approximately 60% of outside levels. Each bench contained
four ramets of each of the 16 genotypes, distributed randomly
within each bench. Salinity treatment solutions were prepared and
held in approximately 155 L plastic tubs beneath each bench.
Pumps circulated the treatment water to each bench for 15 min
twice daily; water levels on the bench during each pumping cycle
were maintained at a depth of approximately 3e5 cm, allowing
water to be drawn through the holes in the pot by capillary action.
Pots were well watered at all times during the experiment.

Three random replicate benches were used for each of three
salinity treatment solutions: control (CTL, no salinity added), me-
dium salinity treatment (MST, target electrical conductivity
(EC) ¼ 1.5 mS cm�1), and high salinity treatment (HST, target
EC ¼ 3.0 mS cm�1). Dissolved NaCl was used until the target EC
levels were achieved, as determined by conductivity/temperature
probes (model CS547a, Campbell Scientific, USA) in each tub,
attached to a CR10X data logger through an AM416 multiplexer
(Campbell Scientific). Experiment-long averages of 15-min EC
measurements in the tubs for each replicate by treatment were:
CTL EC ¼ 0.400, 0.537, 0.452 mS cm�1 for replicates 1, 2, 3
respectively; MST EC ¼ 1.526, 1.653, 1.493 mS cm�1, and HST
EC¼ 2.898, 3.056, 2.815mS cm�1. Treatment solution volume in the
tubs was topped up with tap water daily, and salinity adjusted
(typically every 2e3 d) by adding stock NaCl solution (100 g/L) to
maintain targeted EC values.

Fertilizer (20:8:20 Plant Products) was added to the tubs peri-
odically from 26 May through 21 August, and a final dose on 15
September. Specifically, a 195 g/L stock solution was prepared, and
the following amounts added to each tub: 50mL of stock on 26May
and 17 June, 100 mL on July 3, 9, 16, 23, 150 mL on 29 July following
draining, cleaning, and replenishment of the treatment tubs, 50 mL
on 6, 19, and 27 August, and 100 mL on 15 September. Any
contribution by fertilizer to measured EC levels was not corrected
for, but simply led to a slight temporary increase in EC levels in all
tubs, and thus reduced the amount of salinity needed subsequently
to reach the target EC levels. Addition of 50mL of the stock fertilizer
solution typically increased the EC in the tub by 0.25 mS cm�1.

2.2. ACi and parameter estimation

Gas exchange was measured using a LI-COR 6400XT portable
gas exchange system with a CO2 mixer and RGB light source on a
2 � 3 cm leaf cuvette (LI-COR, Lincoln, Nebraska, USA). Instrument
settings were set for 25 �C, at an air flow of 250 mmol s�1 and a light
level of 1000 mmol m�2 s�1. Relative humidity (RH) was adjusted
using a moisture desiccant to provide a RH of approximately 65% in
the sample chamber, resulting in a vapor pressure deficit (VPD) of
approximately 1.0 kPa. Assimilation to internal CO2 (ACi) response
curve measurements was measured on ten dates from 13 July to 24
July (days 60e68). On each date, one genotype per species was
selected and sampled from one replicate bench of each treatment;
this was repeated for 10 d until five genotypes of each species were
sampled on two replicate benches of each treatment. Therewere no
surviving DIS or ERI plants in the HST at the time of gas exchange
measurements (see later), thus only 70 ACi curves were produced.
Gas exchange was measured three times at 12 external CO2 mea-
surement concentrations in this sequence: 400, 330, 260, 190, 120,
50, 400, 600, 900, 1300, 1800, and 2400 ppm CO2. Leaf samples



Table 1
Willow species, populations, and genotypes used from previously tested natural populations for biomass production used in salinity study.

Species Populationa Selected genotypes Genotype# Latitude N Longitude W

Salix discolor
(DIS)

Hawkesbury, ON HAW D5 1 45� 390 74� 750

Levis, PQ LEV D3 2 46� 780 71� 180

Levis, PQ LEV D6 3 46� 780 71� 180

Norton, NB NOR D2 4 45� 670 65� 810

Richmond Fen, ON RIC D2 5 45� 130 75� 820

S. eriocephala
(ERI)

Ste. Anne de la Perade, PQ ANN E6 1 46� 560 72� 200

Fredericton, NB FRE E1 2 45� 940 66� 620

Green River, NB GRE E1 3 47� 340 68� 190

Norton, NB NOR E10 4 45� 670 65� 810

Riviere au Saumon, PQ SAU E3 5 47� 210 70� 350

S. interior
(INT)

Ottawa, ON LAF I5 1 45� 420 75� 690

Roebuck, ON LIM I3 2 44� 800 75� 610

Long Sault, ON LON I2 3 45� 030 74� 890

Long Sault, ON LON I4 4 45� 030 74� 890

Pembroke, ON PEM I4 5 45� 500 77� 070

a Note: ON ¼ Ontario; PQ ¼ Quebec; NB ¼ New Brunswick.
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weremarked to indicate area enclosed in the cuvette, removed, and
trimmed to the measured leaf area, which was determined using a
flatbed scanner and WinSeedle software (Regent Instruments Inc.,
Quebec).

The ACi response curves were fitted using commercially avail-
able software (Photosyn Assistant; Dundee Scientific, Dundee,
Scotland, UK). The program uses algorithms based on the
biochemical model of leaf photosynthesis developed by Farquhar
et al. [24], and modified by Harley et al. [25]. Using this model, CO2
assimilation in the leaf can be mathematically described by satu-
ration kinetics, which account for the change in assimilation rate at
increasing Ci. Through an iteration procedure, the Photosyn Assis-
tant software provides estimates for the maximum rate of
carboxylation (Vcmax), light saturation rate, maximum rate of elec-
tron transport (Jmax), and phosphorus (P) limited rate of triose
phosphate utilization (TPU). The model calculations are based on
the assumption that one of these parameters is at a maximum and
limits A. In the program, a least-squares fit is used to estimate CO2
compensation point. Themaximum assimilation (A) as measured at
saturated CO2 (2400 ppm) and saturating light was abbreviated
Amax, which was the maximum A rate recorded.

2.3. Survival, damage index, and biomass parameters

On 8 June 2015, the damage index of every plant was scored
visually, using a five-point damage index scale: 100¼ plant appears
dead; 75 ¼ leaf damage/death and/or branch death widespread on
plant, plant very unhealthy; 50 ¼ leaf necrosis or leaf death
moderately widespread on plant; 25 ¼ slight leaf necrosis or leaf
withering; and 0 ¼ healthy, no damage evident. After the 8 June
assessment (day 25), 9e11 June plants that had been scored as dead
on or before 8 June (n ¼ 121) were harvested, separating each plant
into three parts: original stem cutting, combined leaves and new
stems, and roots. Roots were carefully rinsed in tapwater prior to
bagging. Dry weights were determined following 48 h at 65 �C.

At the end of the experiment (beginning on 20 October, day
160), all remaining live plants (317) were again visually assessed
using the five-point damage index. The plants were harvested and
measured for number of stems, and height, and basal diameter of
the largest three (or all, if fewer than three total) stems. Above-
ground portions of all live plants were harvested and separated into
leaves and stems. Dry weights were determined following 48 h at
65 �C. Leaf mass ratio is leaf dry mass/total AG dry mass. Biomass
yield is a product of total AG dry mass and survival.
2.4. Statistical analyses

The data were subjected to analyses of variance (ANOVA) with
greenhouse treatment bench (block), salinity treatment, species,
and genotype considered as fixed effects. Genotypes were nested
within species. The following ANOVA model was used:

Yijklm¼mþBiþTjþSkþTSjkþGl(k)þTGjl(k)þeijklm,

where Yijklm is the dependent seedling trait of the ith greenhouse
treatment bench, of the jth treatment, of the kth species, of the lth

genotype, and the mth seedling, where m is the overall mean. Bi is
the effect of the ith greenhouse treatment bench (block) (i ¼ 1, 2), Tj
is the effect of the jth treatment (j ¼ 1, 2, 3), Sk is the effect of kth

species (k ¼ 1, 2, 3), TSjk is the interaction effect of the jth treatment
and kth species, Gl(k) is the effect of the lth genotype nested within
kth species and TGlj(k) is the interaction effect of the jth treatment
and lth genotype nested within the kth species and eijklm is the
random error component. Effects were considered statistically
significant at the P ¼ 0.05 level, although individual P values are
provided so that readers can make their own interpretations. The
data satisfied normality and homoscedasticity assumptions. The
general linear model from Systat (Chicago, IL) was used for analysis.
The nutrient data used for examining the regression relationship to
biomass results are from Major et al. [26].

For survival analysis, survival was determined from each bench
(block) for each genotype resulting in 135 replicates. There were no
surviving DIS or ERI plants in the HST at the time of gas exchange
measurements and fall harvest. There were missing cells in the
complete ANOVA, thus a backward step analysis was performed
[27]. Degrees of freedom (DF) were reduced to reflect missing cells.
Treatment initial DF was 2 but was reduced by 1, resulting in final
DF of 1 (Table 2). Species x treatment had an initial DF of 4 but was
reduced by 1, resulting in final DF of 3. Genotype (species) had an
initial DF of 12 but was reduced by 2, resulting in a final DF of 10.
Finally genotype (species) had an initial DF of 24 but was reduced
by 6, resulting in a final DF of 18. A type III ANOVA was used.

For analysis of the day 25 harvest of expired plants, harvest and
analysis were confined to the HST. The above model was used, but
treatment effects or interactions were not possible and thus
excluded. Tukey's mean separation test (P ¼ 0.05) was used to
assess differences among species. Yield is a function of total
biomass, and survival summarized by bench (block), thus this be-
comes the only replicate in the analysis and is removed from the



Table 2
Willow survival and damage indices ANOVAs, including source of variation, degrees of freedom (df), mean square values (MS), P values, and coefficient of determination (R2). P
values < 0.05 are in bold print.

Source of Variation df Survival
day 25 (%)a

Damage index
day 25a

Survival
day 124 (%)a

Damage index
day 124a

MS P value MS P value MS P value MS P value

Block 2 0.299 0.003 0.198 <0.001 0.016 0.810 0.138 0.281
Treatment (trt) 2 0.978 <0.001 1.289 <0.001 22.544 <0.001 8.474 <0.001
Species 2 9.540 <0.001 10.424 <0.001 2.242 <0.001 2.626 <0.001
Species x trt 4 0.787 <0.001 0.362 <0.001 0.376 0.001 0.275 0.043
Genotype (species) 12 0.111 <0.001 0.085 <0.001 0.254 <0.001 0.138 0.237
Genotype (species) x trt 24 0.151 0.039 0.041 0.019 0.189 0.001 0.107 0.472
Error 88 0.049 0.022 0.076 0.107

R2 0.874 0.934 0.898 0.747

a Arcsine transformed for analysis.
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above model. Due to DIS and ERI expiration in HST, unless explicitly
noted, when describing mean species results, we include the HST
values for INT means. We also present mean and SE values by
species and treatments for particular comparisons in figures and
tables. In the following text, we simply use the term genotype to
describe genotype (species).
3. Results

3.1. Survival and damage

Differences in survival at day 25 were significant for all sources
of variation (Table 2). Species x treatment interaction was due to
magnitude effects (no rank change), a result of survival at or near
100% in CTL and MST for all three species; however, in the HST,
survival was 47, 40, and 87% for DIS, ERI, and INT, respectively
(Fig. S1a). The genotype x treatment interaction was also a
magnitude effect, largely from DIS genotype 5 (RIC D2), which had
nearly 100% survival across the three treatments, whereas survival
in the other DIS genotypes ranged from 17 to 42% in the HST.

The damage index at day 25 was significant for all sources of
variation (Table 2). The significant species x treatment effect was
due to magnitude effects; INT had lower damage index relative to
the other two species, particularly in the HST (Fig. S1b). The overall
damage index by species was 35, 44, and 19 for DIS, ERI, and INT
and by treatment was 3, 19, and 75%, for CTL, MST, and HST,
respectively. The genotype by treatment effect was largely due to
lack of a negative response of DIS genotype 5 (RIC D2) to HST; as
well, all INTgenotypes showed little or no negative response to HST.
The other DIS and all ERI genotypes showed significant negative
responses to HST.

A harvest of the 25-d-old expired plants from the HST showed
that leaf stem dry mass was 0.26, 0.38, and 0.25 g (Fig. S2a),
whereas the root dry mass was 0.013, 0.039, and 0.055 g (Fig. S2b)
for DIS, ERI, and INT, respectively. The result was a leaf:root ratio of
60.5, 42.4, and 5.8, for DIS, ERI, and INT, respectively (Fig. S2c).

At the end of the growing season, survival was significantly
different for all sources of variation (Table 2). Species x treatment
significance was due to magnitude effects, with INT showing su-
perior survival in all treatments, particularly in the HST, as it was
the only willow species to survive (35% survival; Fig. 1a). Overall
treatment survival values were 97.2, 78.3, and 11.7% for CTL, MST,
and HST, respectively, and species survival values were 53.3, 55.6,
and 78.3% for DIS, ERI, and INT, respectively. The genotype x
treatment effect was largely due to the response of genotypes in the
MSTand HST. In the MST, DIS genotypes 1 (HAWD5) and 5 (RIC D2)
and ERI genotypes 3 (GRE E1) and 5 (SAU E3) were near or at 100%
survival, whereas survival in the other genotypes was lower. In the
HST, the greatest survival for INTwas in genotypes 1 (LAF I5), 2 (LIM
I3), and 4 (LON I4), which showed survival rates of 41, 50, and 41%,
respectively.

The damage index at the end of the growing season was sig-
nificant for treatment, species, and treatment x species (Table 2).
The treatment by species interaction was a magnitude effect due to
the tolerance of INT in both MST and HST (Fig. 1b). Overall damage
index was 38.5, 61.1, and 92.1, for CTL, MST, and HST, and was 76.2,
71.6, and 44.0% for DIS, ERI, and INT, respectively.

3.2. Biochemical efficiency parameters

For biochemical efficiency traits, there was no significant ge-
notype effect and only one genotype x treatment interaction
(Table 3). The species x treatment interaction was only significant
for Vcmax and Amax. CO2 compensation point was not significant for
any of the sources of variation. MST had greater biochemical effi-
ciency values than CTL (other than CO2 compensation point)
(Fig. 2). The significant species x treatment interaction appears to
be related to the decline in biochemical efficiency traits in HST
compared with MST for INT.

The species Vcmax values were 34.8, 37.5, and 58.2 mmol m�2s�1

for DIS, ERI, and INT, respectively, and the treatment values were
36.8, 49.0, and 61.9 mmolm�2s�1 for CTL, MST, and HST, respectively
(Fig. 2a). Species Jmax values were 96.4, 119.8, and
164.0 mmol m�2s�1, for DIS, ERI, and INT, respectively; and treat-
ment values were 110.5, 139.0, and 176.0 mmol m�2s�1 for CTL, MST,
and HST, respectively (Fig. 2b). The Jmax genotype x treatment
interaction with salinity treatment was the result of rank changes
in ERI genotype 2 (FRE E1). Jmax decreased significantly under MST
rather than the increases found in all other genotypes. Species TPU
values were 7.6, 7.7, and 11.5 mmol m�2s�1, for DIS, ERI, and INT,
respectively; and treatment values were 7.5, 10.2, and
12.1 mmol m�2s�1 for CTL, MST, and HST, respectively (Table 4).
Species Amax values were 19.2, 20.6, and 30.3 mmol m�2s�1, for DIS,
ERI, and INT, respectively; and treatment values were 19.8, 26.5,
and 31.5 mmol m�2s�1 for CTL, MST, and HST, respectively (Table 4).

3.3. Biomass and biomass allocation parameters

Differences in stem and total AG mass were significant for
species, genotypes, and both species x treatment and genotype x
treatment interactions (Table 5). The species x treatment interac-
tion was due to rank change at MST relative to CTL. Stem and total
AG dry mass (Fig. 3a; Table 5) decreased for DIS and ERI, but
increased for INT. Furthermore, INT stem and total AG dry mass
continued to increase in HST. The total AG dry mass (pattern was
similar for stem dry mass) and genotype x treatment interactions



Fig. 1. (a) Survival (mean ± SE) at day 160, and (b) damage index by willow species (DIS: Salix discolor, ERI: S. eriocephala and INT: S. interior) and salinity treatment (medium: 1.5;
high: 3.0 mS cm�1).

Table 3
Willow assimilation efficiency traits ANOVAs, including source of variation, degrees of freedom (df), mean square values (MS), P values, and coefficient of determination (R2). P
values < 0.05 are in bold print.

Source of Variation df Vcmax

(mmol m�2s�1)
Jmax

(mmol m�2s�1)
TPU
(mmol m�2s�1)

Amax

(mmol m�2s�1)
CO2 compensation
point (ppm)

MS P value MS P value MS P value MS P value MS P value

Block 1 302.9 0.057 1448.8 0.405 24.43 0.041 80.7 0.048 0.014 0.945
Treatment (trt) 1 1317.1 <0.001 12219.2 0.012 101.02 <0.001 680.3 <0.001 0.327 0.893
Species 2 1465.0 <0.001 8282.6 0.026 27.62 0.012 316.7 <0.001 6.276 0.130
Species x trt 3 366.6 0.008 2190.2 0.373 13.66 0.075 93.4 0.003 0.949 0.722
Genotype (species) 10 18.5 0.990 1102.8 0.817 3.22 0.792 13.9 0.697 2.119 0.689
Genotype (species) x trt 18 54.3 0.793 3983.5 0.041 4.79 0.604 7.8 0.977 3.091 0.419
Error 34 78.2 2038.0 5.42 19.2 2.890

R2 0.827 0.707 0.748 0.825 0.644
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were largely a result of some rank changes and genotypes doing
relatively well in MST and HST. DIS genotype 5 (RIC D2) in MST had
the greatest total AG dry mass, which was slightly greater in MST
than CTL at 8.8 g and 7.2 g, respectively. For ERI, the genotype with
the greatest total AG dry mass in both CTL and MST was genotype 3
(GRE E1) with 19.2 and 9.0 g, respectively. For INT, under HST, total
AG drymass was greatest for genotypes 3 (LON I2) and 5 (PEM I4) at
49.4 and 37.3 g, respectively; however, it should be noted that these
genotypes had the lowest survival at 8 and 25%, respectively. For
INT under MST, total AG dry mass was greatest for genotypes 3
(LON I2) and 2 (LIM I3) at 28.0 and 21.8 g, respectively, and both
genotypes had 100% survival. Leaf dry mass had similar ANOVA
findings as described for stem and total AG drymass except that the
genotype x treatment interaction was not significant (Tables 4 and
5). The species x treatment interactionwas also due to rank change
as described above. The genotype effect was largely driven by INT



Fig. 2. (a) Maximum rate of carboxylation (Vcmax), and (b) maximum rate of electron transport (Jmax) by willow species (DIS: Salix discolor, ERI: S. eriocephala and INT: S. interior) and
salinity treatment (medium: 1.5; high: 3.0 mS cm�1).

Table 4
Biochemical efficiency and biomass traits (mean ± SE) by willow species and salt treatments.

Nutrient Salt treatment Salix discolor S. eriocephala S. interior

TPU
(mmol m�2s�1)

Control 6.62 ± 0.74 6.64 ± 0.74 9.34 ± 0.74
Medium 8.68 ± 0.74 8.71 ± 0.74 13.14 ± 0.74
High 12.14 ± 0.74

Amax
(mmol m�2s�1)

Control 16.3 ± 1.4 16.8 ± 1.4 26.3 ± 1.4
Medium 22.2 ± 1.4 24.3 ± 1.4 33.1 ± 1.4
High 31.5 ± 1.4

Stem dry mass (g) Control 2.96 ± 0.65 7.12 ± 0.60 8.72 ± 0.58
Medium 2.43 ± 0.91 3.88 ± 0.82 11.46 ± 0.58
High 16.22 ± 1.22

Leaf dry mass (g) Control 2.90 ± 0.56 5.39 ± 0.42 6.44 ± 0.45
Medium 1.82 ± 0.88 2.57 ± 0.73 8.68 ± 0.52
High 12.38 ± 1.04
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genotype 3 (LON I2), which had almost twice the leaf dry mass of
the other INT genotypes.

Maximum stem length was significant for species and geno-
types (Table 5). Maximum stem lengths by species were 0.52, 0.64,
and 1.10 m for DIS, ERI, and INT, respectively (Fig. 3b). The genotype
effect was largely due to the overall relative superiority of INT ge-
notypes 2 (LON I2) and 5 (PEM I4) compared with the other INT
genotypes, ERI genotype 3 (GRE E1) among the ERI genotypes and
DIS genotype 2 (LEV D3) among the DIS genotypes. Maximum basal
diameter was significant for species, species x treatment, and ge-
notype (Table 5). The species x treatment interaction was also due
to rank changes at MST relative to CTL. Maximum basal diameter
was lower for DIS and ERI than CTL treatment, but increased for INT,
and increased further in HST (Fig. 3c). A significant genotype effect



Table 5
Willow productivity traits ANOVAs, including source of variation, degrees of freedom (df), mean square values (MS), P values, and coefficient of determination (R2). P
values < 0.05 are in bold print.

Source of Variation df Stem dry mass(g) Leaf dry mass (g) Total dry mass (g) Max. stem length
(m)

Max. basal diameter
(mm)

MS P value MS P value MS P value MS P value MS P value

Block 2 17.4 0.416 43.5 0.033 108.6 0.164 0.043 0.300 1.24 0.444
Treatment (trt) 1 6.9 0.554 15.3 0.273 94.6 0.209 0.009 0.622 1.54 0.315
Species 2 1220.4 <0.001 1238.8 <0.001 6557.4 <0.001 3.316 <0.001 103.86 <0.001
Species x trt 3 256.4 <0.001 131.3 <0.001 665.9 <0.001 0.044 0.306 8.76 <0.001
Genotype (species) 10 99.2 <0.001 66.6 <0.001 314.9 <0.001 0.174 <0.001 5.13 <0.001
Genotype (species) x trt 18 34.4 0.039 16.5 0.178 112.1 0.016 0.051 0.132 1.75 0.306
Error 280 19.8 12.6 59.7 0.036 1.52

R2 0.506 0.458 0.501 0.685 0.436

Source of Variation df Number of stemsa Leaf mass ratio (%) df Yield (g)b

MS P value MS P value MS P value

Block 1 0.0017 0.688 122.9 0.096
Treatment (trt) 1 0.0195 0.038 1264.2 <0.001 2 784.1 <0.001
Species 2 0.0025 0.459 172.8 0.038 2 1696.4 <0.001
Species x trt 3 0.0400 <0.001 366.2 <0.001 4 187.4 <0.001
Genotype (species) 10 0.0131 <0.001 253.2 <0.001 12 51.2 0.005
Genotype (species) x trt 18 0.0047 0.420 176.7 <0.001 24 15.9 0.232
Error 280 0.0045 53.35 90 20.4

R2 0.313 0.312 0.813

a Arcsine transformed for analysis.
b Blocks are the only replicate.
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was largely due to the relative superiority of INT genotypes 3 (LON
I2) and 5 (PEM I4) and the relative superiority of ERI genotypes 2
(FRE E1) and 3 (NOR E10).

Stem number was significant for treatment, species x treatment,
and genotype (Table 5). The species x treatment interaction was
due to DIS and ERI showing less average stem numbers in MST,
whereas INT showed no treatment effect (Fig. 4a). The genotype
effect was largely due to the relative superiority of INT genotype 3
(LON I2) and ERI genotype 5 (SAU E3,) with an average of two stems
per plant. Every source of variation was significant for leaf mass
ratio (Table 5). The treatment x species effect was due to rank
changes in MST. Leaf mass ratio dramatically decreased relative to
CTL for DIS and ERI; however, leaf mass ratio for INT was stable
across all three salinity treatments at approximately 41% (Fig. 6b).
The genotype x treatment interaction reflected DIS and ERI re-
sponses to MST relative to the CTL. Both species ranged from equal
to lower leaf mass ratio, whereas INT was relatively stable in MST
and HST.

Biomass yield was significant for treatment, species, species x
treatment, and genotype (Table 5). The treatment by species effect
was due to rank changes in MST, with yield lower relative to CTL for
DIS and ERI; however, for INT, yield was greater in MST but
decreased in HST (Fig. 4c). Overall, DIS genotype 5 (RIC D2) had the
greatest yield with 4.2 g, followed by genotype 2 (LEV D3) with
3.6 g. ERI genotype 3 (GRE E1), followed by genotype 5 (SAU E3),
had the greatest yields with 8.1 and 6.5, respectively. Overall, INT
genotype 2 (LIM I3), followed by genotype 3 (LON I2), had the
greatest yields with 17.2 and 17.0 g, respectively. However, only in
HST the yields were 12.2, 9.2, 7.4, 6.2, and 4.0 g for genotype 2 (LIM
I3), genotype 5 (PEM I4), genotype 4 (LON I4), genotype 1 (LAF I5),
and genotype 3 (LON I2), respectively.
3.4. Trait relationships

Across species and salinity treatments, Vcmax had a significant
positive relationship to total AG dry mass (P ¼ 0.030, R2 ¼ 0.644,
Fig. 5a), and Jmax also had a significant and even stronger positive
relationship to total AG dry mass (P ¼ 0.014, R2 ¼ 0.732, Fig. 5b).
Total AG dry mass had a significant positive relationship to leaf N
(P ¼ 0.001, R2 ¼ 0.894, Fig. 6a), and to leaf P concentrations
(P ¼ 0.008, R2 ¼ 0.789, Fig. 6b). Total AG dry mass had a significant
positive relationship with leaf Na concentration (P ¼ 0.019,
R2 ¼ 0.700, Fig. 6c).
4. Discussion

4.1. Survival

Survival was at or near 100% in the CTL and MST after 25 d of
salinity treatments, which indicates that the stored willow cuttings
were vigorous when struck. However in the HST, mortality was
occurring to a similar degree for DIS and ERI. In previous studies,
DIS, on the harsh, low-fertility, former coal mine site, was observed
to have hadmore trouble rooting than either ERI or INT with 22, 73,
and 42% survival, respectively [6], and both DIS and ERI were
already responding very negatively to the HST. Salinity has a sig-
nificant effect on the growth and development of willow roots [8].
An examination of the expired plants showed that DIS had signif-
icantly lower root mass than ERI. The expired ERI plants had greater
root mass than DIS but also had greater leaf mass; however, both
their leaf-to-root mass ratios were very large, with 60 and 40 for
DIS and ERI, respectively. In contrast, INT had only one-fourth to
one-fifth the number of expired plants, and these expired plants
had the greatest root mass of the three species. Thus, INT relative to
the other two species appears to be more vigorous in early rooting
under saline conditions. These results showed that the expired INT
plants had significantly lower leaf-to-root mass ratio (5.8)
compared with the other two species and maintained a better
water balance ratio at a critical rooting time to allow for gas ex-
change [28]. The damage index at day 25, foretells the eventual
mortality of DIS and ERI in the HST, as the damage index was
already at 80%. Even in the MST, DIS and ERI were showing signs of
distress, although survival was still at 100%. All ramets of thewidely
used, high performing, exotic genotype VIM (5027) had expired in



Fig. 3. (a) Total aboveground (AG) dry mass, (b) maximum stem length, and (c) maximum basal diameter by willow species (DIS: Salix discolor, ERI: S. eriocephala and INT: S. interior)
and salinity treatment (medium: 1.5; high: 3.0 mS cm�1).

J.E. Major et al. / Biomass and Bioenergy 105 (2017) 10e22 17
HST, and this genotype was the most negatively affected in this
study. The expired VIM genotype had similar leaf and root dry mass
as INT and thus a similarly low leaf-to-root mass ratio at 7.3 and 5.8,
respectively; perhaps water imbalance was not the issue, as was
observed for DIS and ERI. Interestingly, Hangs et al. [29] examined
37 different native and exotic willow varieties for salinity tolerance,
and the best four of five hybrid varieties had been crossed with
VIM. They tested some six varieties of ERI and one genotype of DIS,
but INT was not tested. It appears that INT may be on par with or
better than the 37 varieties tested by Hangs et al. [29] for salinity



Fig. 4. (a) Number of stems, (b) leaf dry mass ratio and (c) yield by willow species (DIS: Salix discolor, ERI: S. eriocephala and INT: S. interior) and salinity treatment (medium: 1.5;
high: 3.0 mS cm�1).
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tolerance.
All genotypes of DIS and ERI expired in the HST after 160 d of

treatment, showing that this treatment exceeded the threshold of
impact on biomass yield as described by Mirck and Zalesny [10].
The thresholdeslope model is expressed in two parts: (1) the
maximum allowable soil salinity without yield reduction and (2)
the percentage yield decrease per unit salinity increase. In fact, for
DIS and ERI, it would appear that the MST exceeded the salinity
threshold. In terms of survival, the salinity threshold point for INT
lies somewhere between the MST and HST. For DIS and ERI in the



Fig. 5. Relationship between total aboveground (AG) (mean ± SE) dry mass and (a) maximum rate of carboxylation (Vcmax), and (b) maximum rate of electron transport (Jmax) by
willow species (DIS: Salix discolor, ERI: S. eriocephala and INT: S. interior) and salinity treatment (C: control, M: medium: 1.5; H: high: 3.0 mS cm�1).
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MST, survival was approximately 67%, and there were significant
signs of salinity damage affecting leaves and branches. The damage
index at day 160 for INT showed that there was only slight leaf
necrosis in MST, indicating a strong salinity tolerance up to this
point. VIM survival was 50% in MST, less than for DIS and ERI.

4.2. Biochemical efficiency parameters: genus and CO2 effects

In a review of the mechanisms of plant salinity tolerance, there
are generally three distinct adaptations to salinity: cellular osmotic
adjustment; Naþ or Cl� exclusion; and tolerance of tissue to accu-
mulated Naþ or Cl� [30]. For most species, Naþ appears to reach
toxic concentrations before Cl� does, and so most studies have
concentrated on Naþ exclusion and control of Naþ within plants
[36]. All of the above saline tolerance mechanisms require addi-
tional energy from the plant, generally resulting in reduced pro-
ductivity (biomass yield) and/or an upregulation in energy capacity
[11]. Changes in biochemical responses are generally considered
longer term (weeks to months) changes in the photosynthetic ca-
pacity with time exposed to environmental change [31,32]. Moving
from CTL toMST, willow Vcmax, Jmax and TPU up-regulation increased
the capacity for photosynthesis. Chlorophyll content has been
found to increasewith salinity level [31]. We found a corresponding
increase in leaf N [26], and chloroplasts with their associated pro-
teins and rubisco require significant amounts of N [34]. Also as
mentioned above, cellular osmotic adjustment, a common response
to salinity stress, involves not only cellular ion accumulation but
also increased sugars and amino acids, which require resources
such as N [35]. Our in situ photosynthetic levels also increased in
MST [26]. We did not find any source of variation significant for CO2
compensation point; however, it has been found that CO2
compensation point can increase with salinity treatment for closely
related Populus varieties [33].

Interestingly, in the CTL, INT had almost 13x the leaf Naþ con-
centration than DIS and ERI [26]. It would appear that INT actively
excludes Naþ after a certain Naþ concentration, as Naþ only
increased by 17% on average across the saline treatments, whereas
for DIS and ERI, leaf Naþ increased 6x on average from CTL to MST.
INT also had greater water-use efficiency (WUE) than DIS and ERI
[26]. Thus, INT's Naþ exclusion and greater WUE may reflect its
evolutionary origins in the arid SW USA [36e38] where high
evapotranspiration can increase soil salinity [39 and references
therein]. This may have resulted in natural selection for increased
salinity tolerance. For salinity tolerance breeding in wheat, the best



Fig. 6. Relationship between total aboveground (AG) dry mass (mean ± SE) and leaf (a) nitrogen, and (b) phosphorus, and (c) sodium concentrations by willow species (DIS: Salix
discolor, ERI: S. eriocephala and INT: S. interior) and salinity treatment (C: control, M: medium: 1.5; H: high: 3.0 mS cm�1).
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cultivars for the Indian subcontinent come from naturally selected
provenances found on sodic-saline soils of India and Pakistan [40].
Similarly, the best salinity-tolerant varieties of rice for most rice-
breeding programs originated in saline coastal areas of India [41].
4.3. Biomass yield and allocation

Total AG dry mass for DIS and ERI decreased in MST, which in-
dicates that the MST is beyond their salinity threshold limit and
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that it is on the linear decline according to the threshold limit
model [10]. The increased biomass yield in INT in MST and HST is
surprising. It was not a result of an increase in stem length or stem
number, as these growth parameters remained even across the
three treatments. Increased biomass yield resulted largely from
increased stem diameter, which for INT increased significantly
across the three salinity treatments. Aboveground growth and
diameter have been observed to increase in response to salinity
[11,12,42,43]. Leaf mass also increased for INT across salinity
treatments. The increased biomass in the HST is probably a result of
far less competition for resources, light, and nutrients, as INT was
the only remaining species, with an average survival of 33%. It
should also be noted that in the MST, where competition for re-
sources remained very high, INT showed 100% survival, and DIS and
ERI had a 67% survival rate; INT was the only species that increased
its biomass; it is notable not only for its tolerance of salinity, but
also for its opportunistic response to a slight change in resources.
Thus, for INT, the decrease in competition and increased
biochemical efficiency and leaf mass would all contribute to
increased yield in response to the salinity treatments.

Except for one trait, Jmax, there were no significant differences
among genotypes, nor genotype x treatment interaction effects, for
the biochemical traits. However, for final biomass yield and survival
traits, all had significant genotype or genotype x treatment effects.
This divergence is most probably due to the fact that there were
more replicates in the biomass than biochemical traits measured in
the experiment, which allows for better resolutions. However, it
may be that the biochemical traits, although significantly different
by species and treatments, are by nature more variable than
genotypic biomass yield traits. This investigation strongly indicates
that there is significant genotype biomass yield variation in salinity
tolerance for the three willow species. For DIS, the best MST-
tolerant genotype was genotype 5 (RIC D2), which: (1) had the
greatest productivity, (2) was the only genotypewhere yield did not
decline in MST, and (3) had the greatest yield due to having the
second highest survival. Compared with three other DIS genotypes,
genotype 5 (RIC D2) also had by far the greatest productivity on a
very productive site at theMontreal Botanical Gardens [13]. For ERI,
genotype 3 (GRE E1) was the most productive in both CTL and MST,
but the decline in AG dry mass was more than 50% in MST. How-
ever, the yield remained the greatest as there was 91% survival in
MST, which was among the best of the ERI genotypes. Genotype 3
(GRE E1) was most productive compared with three other geno-
types on a harsh former coal mine site but was only average on
more productive sites [13].

For INT, genotype 3 (LON I2) had the greatest overall produc-
tivity in all three treatments, but only one ramet survived in the
HST, and it was the largest single plant. The INT genotypes that had
the greatest yield in HST were genotypes 2 (LIM I3) and 5 (PEM I4)
due to greater survival and AG dry mass. On a highly disturbed,
low-fertility former coal mine in two site assessments of eight INT
genotypes, including the five genotypes assessed here, genotype 2
(LIM-I3) had the greatest survival (57%) and among the greatest
productivity [14]. Genotypes 3 (LON I2) and 5 (PEM I4) had 39% and
42% survival, respectively, and fairly good productivity. The above
results strongly indicate that survival under harsh conditions must
be taken into account when selecting the best willow genotypes for
land reclamation.

It appears that DIS and ERI can only tolerate the MST by real-
locating energy from productivity to cope with managing NaCl.
Whereas, INT not only upregulates biochemical efficiencies, Vcmax

and Jmax, allowing plants to meet new demands in the MST, but also
increases leaf mass, both of which allow it to maintain and stim-
ulate growth. Simultaneously, DIS and ERI leaf mass was substan-
tially decreased in MST: although biochemical efficiency was
upregulated, the overall biomass yield decreased. Interestingly, INT
also maintained leaf mass proportion; whereas DIS and ERI leaf
mass and proportion dropped substantially, especially ERI, due to
mortality of older leaves, which could not tolerate Naþ concentra-
tions in the elevated salinity treatments. In a study of 37 willow
varieties used for bioenergy productivity, five varieties showed no
reduction in growth with high salinity [29], and four of these
included S. viminalis as a parent. Another study using S. viminalis
and S.alba showed some tolerance to salinity, but the above- and
belowground biomass for both willow species declined at the first
salinity level and barely survived themore saline conditions with 0,
2, 4, 6 practical salinity scale, respectively [44] Our VIM genotype
(5027), which has shown high productivity in other field tests [20],
showed a dramatic drop in productivity from 8.8 to 2.5 g for CTL
and MST, respectively, which is a 72% decline, and together with
50% survival in MST, resulted in lower yields than DIS and ERI.
4.4. Relationships to other traits and summary

Why does INT grow best and maintain that growth in elevated
salinity concentrations? The sink regulation of photosynthesis
theory suggests examining the relationship between biomass and
gas exchange capacity [20,21]. We found a strong correlation be-
tween total AG dry mass and the biochemical efficiency traits, Vcmax

and Jmax. The theory is that biomass production as the sink for
carbohydrates influences the biochemical capacity for photosyn-
thesis. Photosynthetic traits have been correlated with productiv-
ity, but it is clear that the correlations among photosynthesis,
growth rate, chlorophyll content, and N in forest trees can be
complicated and depend on many factors, such as time scale,
environmental conditions, species, and age [45e47]. Interestingly,
the leaf N relationships to total AG biomass support the greater
biochemical capacity, as N is an essential element for amino-acid
biosynthesis occurring in the chloroplasts [34].

INT and its close relatives in section Longifoliae are capable of
vegetative reproduction by stem suckering from a network of
shallow roots, resulting in multistemmed colonies that can produce
hundreds of upright stems arising from a single INT genotype [14].
Overall, INT had greater survival, biochemical efficiencies, leaf dry
mass, and total AG drymass compared with DIS and ERI. INT's rapid
growth, high biomass yields, and ease of vegetative (clonal) prop-
agation from rootless stem sections may also be of interest for
establishing biomass feedstock for bioenergy, chemicals, and ma-
terials industries, especially on marginal land with saline soils
unsuitable for agricultural crops. Results indicate that DIS and ERI
responded negatively to increased soil salinity and expired in the
HST. However, INT was relatively saline tolerant, which may be due
to natural selection for salinity tolerance that developed in the arid
regions of the SW USA, which represents the center of species di-
versity for willows of the taxonomic section Longifoliae [37] and is
also the presumed center of evolutionary origin for this ancient and
morphologically unique taxonomic group within Salix [37,38].
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