Chapter 14 M)
Crop Potential of Six Salicornia bigelovii e
Populations Under Two Salinity Water
Treatments Cultivated in a Desert
Environment: A Field Study

Dionyssia Angeliki Lyra, Shoaib Ismail, and J. Jed Brown

Abstract Halophyte farming seems to be a promising alternative to conventional
agriculture under marginal environments, since it does not compete with dwindling
fresh water and land resources. For this purpose halophytic species need to be
domesticated to serve as a “crop” plant. Field evaluation of six Salicornia bigelovii
Torr. populations (LA, GA, MI, FL2, SP, FL1) was conducted in 2012-2013 in the
United Arab Emirates applying two irrigation treatments: brackish groundwater
(20 dSm_l) and seawater (55 dSm_l) to examine their growth performance taking
into account 24 plant characteristics, biomass, seed yield parameters, and growth
stages attributes. The experimental results indicated that S. bigelovii populations
were highly variable for the majority of traits. Irrigation with seawater negatively
influenced the agronomic performance of S. bigelovii populations compared to
groundwater. SP, MI, and GA populations received higher values for almost all
characteristics observed, as compared to LA, FL1, and FL2 populations especially
under groundwater treatment. Seawater extended the duration of growth cycle for all
Salicornia populations compared to groundwater irrigation. The outcomes clearly
indicated that the salinity level had an impact on S. bigelovii populations’ perfor-
mance and yield potential. It is suggested that screening should be evaluated under
both optimum and full-strength saline water to optimize biomass and seed produc-
tion. The existing genotypes could be further improved through breeding taking into
account spike characteristics and days to flowering as revealed by path analysis.
Combining suitable germplasm with proper agronomic practices, there is a big

D. A. Lyra (2<) - S. Ismail
International Center for Biosaline Agriculture, Dubai, United Arab Emirates
e-mail: d.lyra@biosaline.org.ae

J. J. Brown
Masdar Institute of Science and Technology, Abu Dhabi, United Arab Emirates

Centre of Sustainable Development, College of Arts and Sciences, Qatar University, Doha,
Qatar
e-mail: jbrown@qu.edu.qa

© Springer Nature Switzerland AG 2020 313
A. Hirich et al. (eds.), Emerging Research in Alternative Crops, Environment
& Policy 58, https://doi.org/10.1007/978-3-319-90472-6_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90472-6_14&domain=pdf
mailto:d.lyra@biosaline.org.ae
mailto:jbrown@qu.edu.qa
https://doi.org/10.1007/978-3-319-90472-6_14#DOI

314 D. A. Lyraet al.

potential to develop this halophytic species plantations for economically viable
production systems in hot and dry regions.

Keywords Halophytes - Salicornia bigelovii - Crop potential - Seawater farming -
Multivariate analyses

14.1 Introduction

With growing demand for food and energy production, new resources are sought to
meet population needs. The exploration of marginal environments to increase the
agricultural production has raised the interest of scientists and other stakeholders.
Marginal areas are mainly located in semiarid and arid climatic zones, where
degraded soils and low water quality cannot support agriculture production. Due
to the aforementioned limiting factors, the feasibility of seawater agriculture is
explored in desert environments (Glenn et al. 1998, 2013). The use of crops that
can withstand high saline conditions is extremely important in such a context,
especially for marginal lands where no other crops can grow, conserving good
quality water for human consumption in parallel.

Developing salt-tolerant crops constitutes a very important strategy to improve
yield on salt-affected lands. However, improving salt tolerance in traditional crops
through breeding is a laborious process at both plant and cellular level, because of
the complexity and multigenic nature of this trait (Ashraf et al. 2008; Cassaniti et al.
2013; Fageria et al. 2012; Flowers 2004). Halophytes flourish in highly saline
environments, where conventional crops cannot grow (Shabala 2013). Halophyte
cultivation seems to be a promising solution, since these plants already possess the
trait of salt tolerance (Rozema and Flowers 2008). Nonetheless, wild halophytic
populations need to be collected and bred, so that they can be transformed into
productive and profitable crops (Brown et al. 2014a; Ruan et al. 2010).

Salicornia bigelovii Torr. (dwarf glasswort), among other candidate monocots
and dicotyledonous halophytic species, has received more attention because of its
multifold uses and high salt tolerance (Zerai et al. 2010; Lu et al. 2010; Jaradat and
Shahid 2012; Shahid et al. 2013; Glenn et al. 2013; Ventura et al. 2011a, b; Ventura
and Sagi 2013; Brown et al. 2014a). S. bigelovii belongs to Chenopodiaceae, a
popular family for its members tolerant-to-salinity. It is a C3 plant and an annual,
succulent euhalophytic species that grows very fast. S. bigelovii is a cross-pollinating
plant that can also self-pollinate to a lower extent. The fresh tips can be used as salad
or pickled directed for human consumption. The biomass can be mixed with other
forages and used as livestock feed (Khan and Ansari 2008; Masters et al. 2007).
S. bigelovii seeds have good qualitative and quantitative oil characteristics (~=30%)
and low salt content (<3%), attributes that strengthen its importance as oilseed crop
with high potential for biofuel production (Brown et al. 2014b; Cybulska et al.
2014a, b; Glenn et al. 1998). The seedcake has high protein content (=45%) and
could be also used as animal feed (Glenn et al. 1991). S. bigelovii as a halophytic
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species of good commercial value has been proposed as a component to be incor-
porated in farming systems that integrate crops and fish, since the aquaculture
effluents constitute a valuable source of nutrients and water for irrigation that
could be recycled efficiently (Hamed et al. 2014; Bailis and Yu 2012; Hodges
2004; Brown et al. 1999).

In order to acquire highly productive cultivars with good commercial potential,
wild germplasm needs to be domesticated, and selective breeding programs must be
undertaken. Zerai et al. (2010), after comparing S. bigelovii lines produced in two
breeding programs with wild germplasm in greenhouse trials irrigated with brackish
water (16 dS™"), concluded that sufficient genetic diversity existed among wild
accessions and cultivars to support a crop improvement program using wild
S. bigelovii populations. Several S. bigelovii breeding populations and lines respec-
tively were evaluated for 12 plant traits under high salinity irrigation in field
nurseries (Shahid et al. 2013; Jaradat and Shahid 2012).

Literature does not show evaluation studies of S. bigelovii germplasm that have
been conducted (a) under field conditions in hot and dry climates using different
salinity treatments and (b) on a large scale of traits. In the current study, we
examined the differentiation in the growth performance of six S. bigelovii wild
collected populations under two salinity treatments, taking into account a wide
variety of agronomic parameters. Secondly, we highlighted those characteristics
that are linked with high biomass and seed production under local conditions.
Finally, we tested the hypothesis whether the two salinity levels should be used as
selection criteria for classification of S. bigelovii germplasm which is vital for
decision-making on the suitable breeding processes further adopted.

14.2 Materials and Methods

The field experiments were conducted at the facilities of International Center for
Biosaline Agriculture (ICBA) (25°05'45.98" N; 55°23'25.29 E; elevation 30 m) in
Dubai, United Arab Emirates. The annual average minimum and maximum temper-
ature were 20.9 °C and 34.8 °C, respectively. The annual mean rainfall was 38.6 mm
with average daily evapotranspiration of 5.3 mm. The soil at ICBA experimental
station is sandy in texture (sand 98%, silt 1%, and clay 1%). The soil salinity was
768 ppm, and the organic matter content was less than 0.5 (Shahid et al. 2009).

14.2.1 Plant Material and Field Trials

Plant material (seeds) of six wild collections of S. bigelovii populations FL1, FL2,
GA, M1, LA, and SP were kindly provided by Masdar Institute of Science and
Technology (MI) research team.
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Table 14.1 Soil salinity (EC,) and pH for different irrigation water salinity treatments. The values
are averages of three replications

June August
Soil depth (0-25 cm) Soil depth (0-25 cm)
S. bigelovii populations | Salinity treatment | EC, (dS m pH EC. (dSm™) pH
LA GW 18.3 7.6 19.2 7.7
SwW 31.8 8.0 |[319 7.9
MI GW 20.5 7.6 |20.1 7.6
SW 35.2 8.1 36.3 7.9
FL2 GW 14.6 7.5 8.6 7.8
SW 28.9 7.9 440 7.9
Sp GW 25.1 7.6 16.4 7.7
SW 41.2 8.1 36.4 7.9
FL1 GW 17.0 7.6 12.9 7.7
SW 52.3 8.0 (305 7.8
GA GW 19.7 7.5 10.4 7.8
SwW 36.5 8.0 [38.2 8.0

GW brackish groundwater, salinity ~ 20 dS m™'
SW seawater, salinity =~ 55 dS m!

Field was prepared adding organic compost at 40 t/ha. The sowing date for
S. bigelovii seeds was 25th of November 2012. The sowing density was 3 g/m?,
and S. bigelovii seeds were lightly covered with soil. Agryl sheets were placed on top
of the seeded plots in order to avoid seed losses (by wind and birds) and provide
suitable microenvironment for germination. Seeds/seedlings were irrigated with
brackish groundwater (GW) (20 dS mfl) and seawater (SW) (55 dS mfl). Plot
size was 2 X 2 = 4 m?, and the planting distance was 25 x 25 cm. The seedlings/
plants were irrigated through drip irrigation system with the aforementioned salinity
treatments adjusted to the water requirement plus 30% leaching to maintain root
zone salinity to a desired level. The total water quantity used for irrigation was
468 m> and was applied from sowing until harvest.

The randomized complete block design was followed with three replications for
each treatment. The salinity level of GW and SW irrigation was regularly monitored.
Soil salinity was checked by taking composite soil sample from various experimen-
tal plots representing different treatments from O to 25 cm which corresponded to the
vital root zone. Soil samples were dried, and soil extract was obtained to determine
the electrical conductivity. At the end of the trial, soil samples were again collected
and analyzed for salinity and pH. The levels of salinity were maintained throughout
the cultivating season with very small fluctuations (Table 14.1). In particular, pH and
EC values ranged from 7.5 to 7.8 and from 8.6 to 25.1 dS/m for GW treatment and
from 7.8 to 8.1 and from 28.9 to 52.3 dS/m for SW, respectively, for both samplings.
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14.2.2 Data Collection

When S. bigelovii plants reached the optimum vegetative stage (stage before head-
ing), two lines from each plot were harvested (surface area = 1 mz), and fresh (green)
shoot weight/m2 was estimated. At final harvest, measurements were taken from
10 plants per experimental plot, and 17 morphological characteristics were recorded.
All the characters studied with their abbreviations and units are presented in
Table 14.2. SWTPL was calculated as the average of the ten tagged plant values.
SWTSQ was measured for each treatment plot (total area = 4 m®> — 1 m?
corresponded to green biomass harvest = 3 m?). HI was estimated as the ratio of
seed yield to total above ground crop dry weight. Additionally, S. bigelovii plants
were monitored for six developmental stages throughout the whole cultivating
season. DTOFL were calculated when 5% of the plants were at the anthesis stage.
DUFL was the period from when flowering started until all plants bloomed. DTOSP
were the total number of days immediately after the end of flowering. DUSP was the
period between completion of anthesis and onset of seed maturity. S. bigelovii plants
mature gradually. DUM initiated when 10% of the plants were mature (light brown

Table 14.2 List of abbreviations for the traits that were studied for S. bigelovii plants

Parameter Abbreviation Unit
1 PH Plant height cm
2 FIRSTSPKD Distance between plant base and first developed spike cm
3 BR Branches Number
4 SPK Spikes Number
5 RL Root length cm
6 SPL Spike length mm
7 SPW Spike width mm
8 SPWT Spike weight g
9 SSSP Number of seeds/spike Number
10 SWTSP Seed weight/spike g
11 FRSHWT Fresh shoot weight/m? kg/m?
12 DSHWT Dry shoot weight/plant g
13 DRWT Root dry weight g
14 ASH Ash shoot weight/plant g
15 SSG Number of seeds/g Number
16 SWTPL Seed weight per plant g
17 SWTSQ Seed weight/m> g/m>
18 HI Harvest index %
19 DTOFL Days to flowering Days
20 DUFL Duration of flowering Days
21 DTOSP Days to seed production Days
22 DUSP Duration of seed production Days
23 DUM Duration of seed maturity Days
24 GC Growth cycle Days
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color) and was completed when the plants were totally mature (dark brown color).
GC refers to the whole cultivating period of S. bigelovii plants.

14.2.3 Data Analysis

Data collected during the growing season were tested for homogeneity of variances
before conducting univariate or multivariate statistical analysis. Descriptive statistics
(mean and standard error) were estimated for all the data measured. Analysis of
variance (ANOVA) was applied to evaluate the variability for the abovementioned
growth attributes among S. bigelovii populations and between salinity treatments.
Least significant difference (LSD) post hoc tests were implemented to detect differ-
ences among the average values. Hierarchical cluster analysis was performed in
order to identify the relationships among the growth traits in S. bigelovii populations
grouping in two different salinities. Ward’s method was used to classify the data.
Correlation analysis was also computed using Pearson’s test. Pathway analysis was
conducted, in order to examine the direct and indirect associations of various growth
characteristics on SWTSQ. Path analysis differs from simple correlations in the
sense that it points out the causes and their relative importance, whereas the latter
simply measures the mutual association ignoring the causation. All statistical ana-
lyses were performed with JMP statistical software version 8.0 (SAS Institute, Inc.,
Cary, NC, USA).

14.3 Results

14.3.1 Impact of Salinity Treatments on Growth Parameters
of S. bigelovii Populations

Generally, plant characteristics differentiated to a greater extent when irrigated with
GW compared to SW for all S. bigelovii populations (Table 14.3). SPK and BR were
the characteristics most negatively affected by SW compared to GW treatment for all
halophytic genotypes, and the differences ranged from —95% to —629% and from
—52% to —124%, respectively. PH was also reduced after SW in contrast with GW
application for all populations; however, the differences that varied between —3%
and —105% were not all statistically significant. FIRSTSPKD, SPL, SPWT, and RL
were either positively, negatively, or neutrally influenced by the higher salinity
treatment among S. bigelovii populations. In contrast, an increase in SPW was
observed for most S. bigelovii populations irrigated with SW except from SP and
GA genotypes, which they did not demonstrate statistically significant differences
between salinity treatments for the specific characteristic. Under GW irrigation, MI,
SP, and GA plants were characterized as taller (59.8, 60.6, and 50.9 cm,



319

14 Crop Potential of Six Salicornia bigelovii Populations Under Two. . .

T'¥1 9IqBL Ul [1ejop ur paute[dxa aIe SUOTBIAdIGQE Y],

SE— |qe Ol F €€l 9 (e ¢s0F €7l CL— | BLTF V11 €l— | L0 F TTI 0S— (A8 91 F ¥'CI 0]9e 90 F L€l (®) MS
PI'TF6LI BTIFOUL P60 F 96l qe 81 + 8¢l P2 S0 F 981 QITFLEL| (D MD (wo) T
¢S— | 2991 F L91 Cl| 2¢l FeeT L[| 2¢evFO0ovrs ¢ |2qe [€ F 80T LC— | PTCTFl6E S | 998 T1 F 90¢ (®) mS
S ¢l F ST oqe 8T F S0T 9 €T F es BICF vl Q0¥ F Sov Oz Frer | (@ MO | (Bw) LMdS
€| S0 F €€ 81 |3 €0 F 6'¢ 0| FITOFI¥ I [9P2T0 F 9°¢ | S¢0FCTY 6 (PQT'0F vE (®) MS
Q@I0FCTe Q@ I0FCTe SEOF 1Y QRToOFIe JPIOFLE BTOFIE| (@MD| (Www) mdS
oqe 2
LS— STFEPS 12— |Qe ¥'1 F 1'CS 1| T¢elF 6911 8 (A 9V F 1'CS €~ | POV F VT8 L1 [29TTF 909 (®) MS
oqe
PETF €S8 €Y F 879 PGCTF OSIT BI'EF 08 QYL F 601 €9F 0S| (@ MmD () 1dS
oqe oq b)
S0E— | 90l +TC6 S6— | 8SFOVII 609— | BO'CTF S OIT— | 891 F 0'8¥1 18€— [qB T°C F 8'%9 Oll— |Q® L'TF €CL (®) MS
J P P ° ° p
S1e F 0€Le 6'Ly F TTee 9Ly F 8'eee STCF I'llE I'ey + ST1E §'S6 F S9ST| (D MD AdS
YCl— | BYV'EF €L S— |6l F8IC 08— (48 0'C + 9'0C 99— | 98 CTF L6l 69— |q® 9°0 F 8'IC 19— |qe 8°0 F+ 8'0C (®) MS
P10 88¢ 8T F I'ee PISTFOLE dEEFo6IE P9l F69¢ PPTOFSEE| (D MD dad
oqe
LI—| Q®TCTFC6 SE| POTF06CI 02— {2960 F 8°0L 6—| Q®60FS6 S— L'0F Lol SEPATTFSIIL (8) MS
oqe oqe oqe (o)
€0 F 601 @9l F 86 PO I'T F0¢l 80 F v'0l 60F CTII BQOFSL| (D MD| @IdSLSUIL
Fop
SOI— | B8CTF 8T €= |9PTTF I'SY (45 9T F 6'SY CI— [299% F L'9¢ TE— [P 6'0 F ¥'SY €= | ALTF09¢ (®) MS
JS0F 608 oy Feor 307 F909 PP ICTF 01V STSF 868 29T FILE| (D MD (wo) Hd
%0012 vD %0012 ' %0012 ds %001 % (gt %001 % IN %0012 V1 |Siusuneaq |SonsLoeIeyd
/(q—®) /(q—®) /(q—®) /(q—®) /(q—®) /(q—®) Kurpeg ueld
QQUAIJIq QIUALJIq UARPI UARIIJ UARII QOUARPI
suonendod 114072819 viuiodypg

(500 > d pue 100 > d) 20ua1yJIp JueOYIUSIS A[[eonsners Ajdwr 10))9] Je[IuIssIp
£Qq pamorjo} (-a's F ueawr) sanfeA ‘(MS) Iolemeas pue (D) I1orempunois ysryoelq yum pajeduar suonendod 1140j281q ¢ XIS Jo sonsuoRIRyYd JUR[ €] dqeL



320 D. A. Lyraet al.

respectively), having the highest number of BR (36.9, 37.0 and 38.8) and SPK
(311.5, 333.8 and 373.0), increased RL (18.6, 19.6 and 17.9 cm), the FIRSTSPKD
was developed in a higher level (11.2, 13.0 and 10.9 cm), and their spikes were
longer (109.4, 115.0 and 85.3 mm) and heavier (495, 533 and 254 mg) compared to
LA, FL1, and FL2 plants. The former group of S. bigelovii populations maintained
their preponderance for most of the characteristics even after SW application.

DSHWT, DRWT, and ASH measurements were significantly reduced for all
S. bigelovii genotypes after SW compared to GW irrigation, and the differences
ranged from —30% to —498%, 31% to —532%, and — 9% to —35%, respectively
(Table 14.4). FRSHWT decreased dramatically for MI (—476%), SP (—407%), and
GA (—618%) plants and to a lower extent for FL2 (—78%) and LA (—8%)
populations after high salinity treatment. In contrast, green biomass slightly
increased for FL1 (6%). Both SWTPL and SWTSQ were severely affected by SW
treatment for MI (—191% and —250%, respectively), SP (—133% and —388%), and
GA (—165% and —201%) genotypes. In contrast, high salinity provoked an increase
in SWTSQ for LA (38%), FL1 (52%), and FL2 (21%) genotypes, although it was not
statistically significant. Indifferent results were obtained for LA and FL1 populations
for SWTPL between the two treatments; however, a slight decrease was observed for
FL2 (—9%). The SSG is related to the size of the seed; hence the higher the number,
the smaller the size of the seeds. Generally, more, but smaller and lighter seeds were
produced after GW compared to SW treatments for all populations, except for MI
which SSG remained almost similar in both irrigation treatments. A number of seeds
per spike of MI and GA plants were significantly decreased after SW irrigation. For
the rest of S. bigelovii populations, no statistical significant differences were spotted
between the treatments, although an increase was observed in genotypes LA and
FL2 for this spike parameter. None statistical significant difference was observed for
SWTSP for all S. bigelovii genotypes, although a considerable decrease was
observed for MI and GA populations under high salinity treatment.

Finally, HI increased because of higher salinity impact for all S. bigelovii geno-
types, and the increase varied between 13% and 59%. However, HI values were
statistically significant only for M1, SP, and GA populations. High HI values do not
necessarily reflect higher seed yield but significantly less biomass due to high
salinity levels, which finally increased the ratio [seed weight/(seed weight + bio-
mass)]. Overall, MI and SP populations excelled for almost all seed and biomass
yield measurements in both salinity treatments. GA also received comparable
satisfying values for most yield characteristics under GW treatment; however, it
did not maintain its good performance at higher salinity level. FL1 and FL2
populations irrigated with SW outperformed for several yield parameters such as
FRSHWT (3.5 and 3.2 kg/m?) even surpassing MI and SP at the same treatment.

Early flowering was observed for MI, SP, and GA populations and ranged from
134.7 (MI) to 142.3 (SP) and from 124.7 (MI) to 151.0 (SP) days for GW and SW
treatments, respectively, whereas LA, FL1, and FL2 populations exhibited late
flowering after several weeks in both applications (Table 14.5). SW irrigation
extended DUFL for all S. bigelovii genotypes from 12% to 25%, except from LA
(—30%). After anthesis stage, SW compared to GW extended the duration of growth
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stages of S. bigelovii plants. Ten to twenty two more days were needed for all
S. bigelovii genotypes to reach seed production stage. DUSP was also prolonged
from 4 to 42 days for LA, MI, FL1, and FL2, whereas the opposite, although not
significant effect, was observed for SP and GA populations at higher salinity
application. DUM was also significantly extended after SW treatment for all
S. bigelovii populations, apart from GA which salinity effect was neutralized.
Finally, S. bigelovii plants completed their GC 17 to 42 days later after irrigation
with SW compared to GW. MI was characterized by the shortest GC at high salinity
rate (287.7 days).

14.3.2 Grouping of S. bigelovii Populations Based on GW
and SW Treatments

Hierarchical clustering revealed three main clusters based on plant growth (A, B, C)
(Fig. 14.1). MI, SP, and GA populations excelled for the majority of the plant
attributes under GW irrigation and were grouped in Cluster A. Cluster B contained
all S. bigelovii populations treated with SW and was divided into two sub-clusters
(D and E). Cluster D encompassed LA, FL1, FL2, and GA, and this cluster was
placed next to cluster C, where the same populations congregated after irrigation
with GW. MI and SP populations treated with SW assembled in Cluster E. Cluster
analysis showed that the halophytic populations were separated to the two salinity
treatments based on their overall response.

LA GW
FL2 GW
FL1 GW
LA SW

]
1
FL1 SW }
]
J
1
1

FL2 SW
GA SW
MI SW
SP SW
MI GW
SP GW
GA GW

Fig. 14.1 Clustering for six S. bigelovii populations (LA, GA, MI, FL2, SP, FL1) irrigated with
brackish groundwater (GW) and seawater (SW) for all parameters studied
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14.3.3 Correlations and Interrelationships Among
the Characters Studied Comparing the Two Salinities
Treatments

Out of 276 possible pairwise correlation coefficients for all 24 plant growth param-
eters, 176 (64%) were significant for GW and only 57 (21%) for SW treatment
(Table 14.6). 94% and 88% of significant correlations for GW and SW treatment,
respectively, were higher than 0.500 implying the strong association (negative or
positive) among the traits. Positive associations were noted between SWTSQ and the
rest of the traits except for SSG (—0.590) and DTOFL (—0.865) for S. bigelovii
plants irrigated with GW. Negative correlation between SWTSQ and DTOFL
(—0.524) was also observed for SW treatment. The same associations were observed
between FRSHWT and other growth parameters for GW application. However,
FRSHWT was negatively correlated only with harvest index for S. bigelovii
populations treated with SW. ASH was not correlated with any other character for
both treatments.

Pathway analysis was used to partition the observed correlation coefficient into
direct and indirect effects of several components on SWTSQ, in order to provide
clear picture of the interrelationships among traits. Subramanian and Subramanian
(1994) determined the values for direct and indirect effects path analysis as follows:
value of >1 (very high), 0.3-0.99 (high), 0.2-0.29 (moderate), 0.1-0.19 (low), and
<0.1 (negligible).

SWTSP, SSSP, and SPL were characterized by the highest direct effects 0.604,
0.467, and —0.302, respectively, whereas moderate effects were observed for SPK,
DUSP, and HI (—0.208, 0.250 and 0.226, respectively) for S. bigelovii populations
irrigated with GW. On the other hand, SW application significantly increased the
values of direct effects for several parameters such as BR (0.302), SSSP (1.537),
SWTSP (—1.516), DTOFL (—0.752), and DUM (0.472). Lower direct effects were
spotted for the rest of the parameters.

SSSP was characterized by high and positive direct and total effects (correlations)
for both water treatments, and this meant that the correlation explained the true
relationship and this trait should be considered one of the characters for S. bigelovii
improvement in a breeding program. The same observation was made for SWTSP
only for GW application. In contrast, for SW treatment, a very high and negative
direct effect was noted, but a positive and moderate correlation was observed. When
a high positive or negative correlation is observed, but the direct effects are negative
and positive respectively or negligible, then the indirect effects are the cause of
correlation. Such findings were observed for BR, SPK, SPL, DTOFL, DUM, and HI
for S. bigelovii populations irrigated with GW and for SWTSP, DUSP, and HI for
S. bigelovii populations irrigated with SW. SSSP and SWTSP were the parameters
with the highest indirect effect in all cases followed by DTOFL and SPL. SPK and
SPL were characterized by low and negligible direct and correlation effects in SW
treatment.
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14.4 Discussion

14.4.1 Differentiation of Growth Performance of S. bigelovii
Populations Comparing GW and SW Treatments

Screening and evaluation of six S. bigelovii populations irrigated with GW and SW,
under field conditions, revealed large differences among themselves and between the
treatments. The high variation in the characteristics measured indicated that these are
highly variable populations, presumably due to the outcrossing nature of the breed-
ing system (Zerai et al. 2010; Martinez-Garcia 2010; Jaradat and Shahid 2012).
Significant intraspecific variation in salt tolerance has been observed for various
halophytic grasses such as Spartina patens, Spartina alterniflora (Hester et al.
2001), and Distichlis spicata (Aschenbach 2006). Under elevated salinities, the
study of variation within and between species can give insight into physiological
adaptations that result in morphological changes (Hester et al. 2001).

MI, SP, and GA were characterized by higher values for the majority of charac-
teristics, compared to LA, FL1, and FL2 populations for both treatments. They were
also characterized by early-flowering habit, a desirable characteristic especially for
hot and arid environments as observed in Eritrea region by Zerai et al. (2010). All
wild accessions, breeding populations, and lines of S. bigelovii differentiated for
most of the parameters measured, when irrigated with water which salinity was
17 dS m™" (Zerai et al. 2010) and >40 dS m~' (Jaradat and Shahid 2012). The
maximum seed yield was obtained by MI (1.27 t/ha), SP (0.85 t/ha), and GA (0.82 t/
ha) populations treated with GW. However, seed production was less than
1.39-2.46 t/ha for Salicornia plants irrigated with SW as reported in Glenn et al.
(1999). The seed production of LA, FL1, and FL2 populations was slightly higher
after SW irrigation, although it remained very low and did not exceed 0.2 t/ha.
However, attention should be drawn to the fact that FL1 population produced two
times more seed after SW (0.2 t/ha) compared to GW (0.1 t/ha) treatment. The
mechanism that is involved to overcome increased salinity levels and produce more
seeds could be further investigated. MI, SP, and GA populations also received the
maximum values for FRSHWT and DSHWT after irrigation with GW. Green
biomass values were the highest ever reported in the literature ranging from 120 to
140 t/ha. It should be mentioned that the values extrapolated from 1 m? to a hectare
and that the experimental plots were small in size (4 m*) and well-managed and
sufficient water was provided to each plant through drip irrigation system. DSHWT
and DRWT were significantly reduced after SW treatment compared to root length
values. It has been observed that shoot growth was more sensitive than root growth
to elevated salinities (Munns and Tester 2008; Liuchli and Grattan 2007). This is
due to the fast root recovery compared to shoots (Munns 2002). Differences in shoot
growth could result from increased production of nodes or increased size of inter-
nodes, as a result of increased cell division and/or elongation, when plants are grown
in optimal salinity (Ayala and O’Leary 1995). SPL (>11 cm) measured for the
current populations exceeded the ones observed for Salicornia accessions from other
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studies (Jaradat and Shahid 2012; Shahid et al. 2013). Glenn et al. (1997) reported an
average SPL of 3—5 cm as compared to 10-15 cm spike length of native Salicornia.
The increase in SPW, which was monitored after SW irrigation, constituted a
physiological response often observed in plants grown under high saline conditions,
which is attributed to Na and Cl accumulation (Karabourniotis et al. 2012).

SW compared to GW extended the duration of the growth stages after flowering
and the whole growth cycle as a consequence. A common feature of plant response
to salinity is the inhibition of growth and productivity. Slower growth is an adaptive
characteristic for plant survival under stress, since it allows plants to rely on multiple
resources (e.g., building blocks and energy) to combat the stress (Zhu 2001).
According to Ventura et al. (2011b), cultivation based on full-strength seawater
(=48 dS/m) had no effect on the general flowering pattern of the different
Salicornieae types.

The assemblage of MI, SP, and GA populations through cluster analysis con-
firmed their supremacy under GW and SW irrigation and could be characterized as
high-yielding populations, compared to LA, FL1, and FL2 which could be denoted
as low-yielding populations. Although GA plants were characterized by slower
growth compared to MI and SP plants after SW treatment, they still performed better
compared to LA, FL1, and FL2 populations.

14.4.2 Traits Targeted for Improving High-Yielding
S. bigelovii Populations

Correlation analyses showed that most of the studied parameters were highly
correlated among themselves, implying that salt tolerance is a multigenic trait
which is reflected on morphological, physiological, and biochemical aspects
(Munns and Tester 2008; Flowers 2004). In addition, yield is a very complex feature
resulting from the process of plant growth. For the halophytic species, S. bigelovii
positive and significant associations were observed between yield (seed or biomass)
and some other traits especially for GW irrigation. This observation is favorable for
breeding, since selection for one trait may produce correlated response for improve-
ment of other traits, which are positively associated with it (Pandey et al. 2012;
Yadav et al. 2013; Subramanian and Subramanian 1994). In particular, spike
characteristics maintained their high association among themselves even after SW
treatment. Similar results were obtained by Jaradat and Shahid (2012), who observed
that, under SW treatment, seed morphometric characteristics were highly correlated
(>0.5) among themselves and with seed yield.

Pathway analysis revealed that selection for SPWT and SSSP may lead to
improved germplasm for seed yield (Table 14.7). SPWT is highly correlated with
SPL which is also correlated with the SSSP it encloses (Shahid et al. 2013). DTOFL
was another desirable trait revealed from the current study that should be selected as
criterion for further genotypes’ improvement, in order to compress the GC so that
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summer months could be avoided (Zerai et al. 2010). Although HI was not as high as
reported from Zerai et al. (2010) and Glenn et al. (1991), it can also be improved
through reproductive traits. Desirable traits that also need to be taken into account in
a breeding program would be shorter plants, in order to avoid lodging, with
considerable BR and SPK that should be placed in a higher level so that plucking
could be facilitated (Zerai et al. 2010). Path analysis implemented for eleven
S. bigelovii genotypes irrigated with SW (55 dS m™ ") validated the findings of the
current study since similar spike parameters and growth stages were highlighted for
selection to improve seed production (Lyra et al. 2016).

14.4.3 Water Salinity Levels as Selection Criteria
Jor Screening S. bigelovii Germplasm

The threshold of the water salinity and suitable selection criteria used to evaluate
ecotypes within a species for salinity tolerance are of highly importance for breeding
purposes and have been discussed in several studies (Ruan et al. 2010; Lee et al.
2005, 2004a, b; Ashraf 2004; Zeng et al. 2002). Lee et al. (2004a) emphasized that
evaluation of seashore paspalum ecotypes, at water salinity <20 dS m~', was not
sufficient for assessing salinity tolerance. Previous studies only focused on one
salinity regime assessment for screening S. bigelovii lines and accessions. In the
current study, S. bigelovii plants growth was significantly stimulated by salinity of
EC = 20 dS m ™", compared to salinity of EC = 55 dS m™~'. Similar findings were
obtained for the same halophytic species (Ayala and O’Leary 1995) and for the
perennial halophyte Suaeda fruticosa (Khan et al. 2000). Salinity around 20 dS m ™"
constitutes the optimum concentration for S. bigelovii and other halophytes growth
(Panta et al. 2014; Katschnig et al. 2013; Flowers and Colmer 2008; Ayala and
O’Leary 1995). In addition, the highest salinity level to which S. bigelovii would be
expected to be exposed for screening ecotypes within a species is needed, in order to
examine the highest degree of salinity tolerance (Ruan et al. 2010). Besides, SW is
the only available water resource to irrigate S. bigelovii or any other halophytic
species along coastal deserts, so the plant material that is going to be used must be
characterized by high growth rates under such elevated saline conditions (Brown
etal. 2014a). As a result, GW and SW used in the present study could be considered
as optimum and maximum salinity levels, respectively, for S. bigelovii growth.
High-yielding populations of MI and SP outperformed under GW irrigation, and
they maintained their preponderance even at SW salinity, although population
growth was significantly hampered. In addition, high salinity affected GA popula-
tion to a greater extent, which performance resembled the growth of low-yielding
populations. Under high saline conditions, FL.1 population produced twice more
seed compared to low salinity level. As a result, decisions on plant breeding tactics
based only on screening results conducted under optimum salinity (=20 dS m™")
would not guarantee a consistent result. Since considerable variability existed among



330 D. A. Lyraet al.

S. bigelovii populations for both salinity levels, the two salt concentrations could be
used as evaluation criteria for the specific halophytic species.

14.5 Conclusions

Seawater agriculture could be more feasible as long as suitable germplasm of
halophytic species of high yield potential is identified (Brown et al. 2014a). The
current study was executed under field conditions in a desert environment, and
germplasm with desired characteristics was distinguished. MI, SP, and GA received
higher values for almost all characteristics observed, compared to LA, FL1, and FL2
populations especially under GW treatment. The first three populations constitute
valuable germplasm that can go through the breeding process, in order to expand in
similar hot and arid areas like UAE. However, it is worthwhile to explore the
physiological functions involved in the last three populations, since they overcame
the hindrance of increased salinity and led to double seed yield. The substantial
genetic-based variation that existed within S. bigelovii wild populations facilitates
the effective selection of diverse genotypes. S. bigelovii seems to have the potential
to become a successful crop since it is tested in a climate similar to the one of its
natural occurrence (Hamed et al. 2014). Several production trials have been
conducted with S. bigelovii in Eritrea, Saudi Arabia, Kuwait, and Mexico, in order
to compare the yields to other conventional crops and examine the adaptation to
local climatic conditions (Brown et al. 2014a; Abdal 2009).

The study demonstrated that by targeting few traits such as spike characteristics
and DTOFL, considerable improvement could be achieved in a short period. Addi-
tionally, mass selection through collection of bigger seeds could also contribute in
accelerating its domestication (Brown et al. 2014a; Zerai et al. 2010). Other desirable
traits that need to be taken into consideration for S. bigelovii cultivars are short
growth cycle to avoid adverse climatic conditions, low saponin levels in seeds and
vegetable tips, more uniform flowering and ripening, nematode resistance, better
retention of seeds on spikes, and shorter plants that can resist lodging (Zerai et al.
2010). Finally, inbreeding would also help to receive purified lines of S. bigelovii.
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