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Introduction

Salinity is a major abiotic factor limiting agricul-
tural production in the world and particularly in 
arid and semi-arid regions. Soil salinity has affect-

ed about 952 million hectares (7%) of land around the 
world (Al-Mulla, 2010). It is estimated that globally 20% 
of total the cultivated area and 33% of the irrigated ag-
ricultural lands are affected by high salinity. Also, more 
than 50% of the arable land would be saline by 2050 
(Jamil et al., 2011). Ghassemi et al. (1995) estimated that 

the annual loss of income from the salinization of irri-
gated lands is about US$ 12 billion worldwide. 

Soil salinity in Oman is considered a serious threat to 
the sustainable use of two of the most important natural 
resources in the country, which are soil and water. The 
estimated values for salt-affected lands in Oman are ap-
proximately 44% of the total geographical area and 70% 
of the arable agriculturally suitable land (Al-Rawahy et 
al., 2010).

Salinity stress induces several biochemical and phys-
iological changes in plants (Nemoto and Sasakuma, 
2002). It can cause osmotic effect, ion toxicity, nutrition-
al imbalance leading to a reduction in photosynthetic 
efficiency and other physiological disorders.  The ma-
jor inhibitory effects of salinity are quantified via plant 
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abstRact. Capillary barriers (CBs) as engineered porous composites is novel and promising technology for mitigating 
salinity and drought stress of plants. This study aimed to imitate a naturally formed CB structure recently discovered 
in the reservoir bed of Al-Khoud dam at the Governorate of Muscat in northern Oman and to test the impact of this 
unique CB on mitigating the salinity stress of marigold plants grown under an open field condition. A plot was con-
structed and divided into “structured” (engineered cascade CB design) and “unstructured” soils and planted with mari-
gold (Tagetes erecta) plants that were subjected to four salinity treatments (control with  ECi ≈ 0.6 dS m-1 ; 3 dS m-1; 
6 dS m-1; and 9 dS m-1). Plant physiological, vegetative, and reproductive growth parameters were measured in each 
treatment. The results showed that the structured soil significantly saved irrigation water and reduce salts accumula-
tion. Structured soil improved all vegetative and reproductive plant parameters measured and helped in reducing the 
effects of salinity stress on the growth and production of the marigold under arid-climate field conditions. The results 
also showed the capability of structured soil in water saving and improving water use efficiency. This study substantiates 
a novel method in mitigating salinity problem and in water saving in arid and semi-arid regions, in particular in Oman. 
Further studies are required to test the use of the engineered cascade CB design with different crops and with alterna-
tive (e.g. subsurface)  irrigation methods.   

KeywoRds:  Soil; Capillary barrier; Structured soil; Soil moisture; Salinity; Plant growth; Arid-climate.

الملخــص: تعتــر الحواجــز الشــعرية للتربــة احــدى التقنيــات الجديــدة الواعــدة التــي تخفــف مــن تأثــير الاجهــاد الملحــي والجفــاف عــلى النباتــات. 
تهــدف هــذه الدراســة الى محــاكاة الحواجــز الشــعرية والتــي أكتشــفت حديثــا ومتشــكلة طبيعيــا في ســد الخــوض الواقــع في ولايــة الســيب بمحافظــة 
مســقط شــمال ســلطنة عــمان، واختبــار تأثــيره عــلى تخفيــف الإجهــاد الملحــي لنبــات الماريجولــد والمزروعــة تحــت ظــروف حقليــة في تربــة مهيكلــة. 
ــة غــير  ــة تشــمل ترب ــة )مهندســة لتكــون حواجــز شــعيرية متتابعــة( والثاني ــة مهيكل ــن الأولى تشــمل ترب ــع يشــمل عــلى معاملت ــم انشــاء موق ت
 dS  6 1 و-dS m 3 1( و-dS m 0.6( مهيكلــة، وتمــت زراعــة نبــات الماريجولــد في كلاهــما، حيــث تــم ريهــا بأربعــة مســتويات مــن الملوحــة: الشــاهد
ــج أن  ــة. أظهــرت النتائ ــات في كل معامل ــر فســيولوجية النبات ــر النمــو الخــري والانتاجــي ومعاي ــد مــن معاي ــاس العدي ــم قي m-1 و dS m 9-1. وت
التربــة المهيكلــة ســاعدت عــلى تقليــل كميــات ميــاه الــري وتراكــم الأمــلاح في التربــة. كــما أن التربــة المهيكلــة حســنت بشــكل كبــير جميــع العوامــل 
النباتيــة الخريــة والانتاجيــة المقاســة وســاعدت في الحــد مــن آثــار الإجهــاد الملحــي عــلى نمــو وإنتــاج الماريجولــد في الظــروف الجويــة الجافــة في 
الحقــل. كــما أظهــرت النتائــج أيضــا قــدرة التربــة المهيكلــة عــلى توفــير الميــاه وتحســن كفــاءة الــري، مــما يعــزز مــن قدرتهــا عــلى التخفيــف مــن 
تأثــير الملوحــة وخصوصــا في المناطــق الجافــة وشــبه الجافــة  وبينــت قــدرة التربــة المهيكلــة عــلى تعزيــز كفــاءة اســتخدام ميــاه الــري، مــما ينتــج عنــه 
وفــرة الميــاه وتخفيــف حــدة الملوحــة في مناطــق جافــة وشــبه جافــة مثــل ســلطنة عــمان. ويقــترح المزيــد مــن الدراســات عــلى محاصيــل مختلفــة 

وطــرق، ري مختلفــة، لمعرفــة مــدى، تأثــير، التربــة، المهيكلــة عليهــا.
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growth and yield descriptors (Ashraf et al., 1991; Khan 
et al., 1995). Under high salinity levels, crop growth, leaf 
surface expansion, and primary carbon metabolism are 
negatively affected due to osmotic effects, water deficit, 
nutritional imbalance, and oxidative stress (Kim et al., 
2008). 

Marigold (Tagetes erecta L.) is an herbaceous annu-
al plant belonging to the family Asteraceae. Marigold is 
used for ornamental and medicinal purposes. It is also 
used in cosmetic and perfume industry due to its aro-
matic nature and essential oil contents (Regaswamy and 
Koilpillai, 2014). In Oman, Marigold is a major season-
al flowering plant grown in the public parks, gardens, 
and roadside throughout the year. Marigold is known to 
grow well under saline conditions (Escalona et al., 2012). 
However, salinity can affect negatively on the growth 
and production of marigolds. Sayyed et al. (2014) found 
that dry biomass, chlorophyll A, chlorophyll B and ca-
rotenoids content are reduced under high salinity (150, 
and 200 mM NaCl) of the irrigation water. An increase 
of more than 100 mM in salt concentrations significant-
ly reduced the shoot fresh weight (Koksal et al., 2016). 
Salinity of 100 mM NaCl decreased marigold flower 
weight, plant fresh and dry biomass, plant height and 
had a negative effect on physiological processes such 
as stomatal closure and chlorophylls content decrease 
(Chrysargyris et al., 2018).

Several techniques are implemented to mitigate 
adverse effect of salinity on plants such as increasing 
organic matter in soil, selecting salt-tolerant crops, us-
ing irrigation system with uniform water application, 
high efficiency of irrigation (e.g. drip irrigation and 
mini-sprinklers) and frequent irrigation with lower 
doses of water, among others. These techniques aim to 
lower the levels of salinity in the plant root zone and to 
improve drainage and to enhance salts leaching (Abrol 
et al., 1988; Machado and Serralheiro, 2017; Qadir et al., 
2000).

Capillary barrier (CB) is one of the engineering tech-
niques used to maximize crop production by improving 
soil moisture conditions in the root zone. A traditional 
CB is a composition of two soil layers having distinct dif-
ferences in texture and, therefore, hydraulic characteris-
tics. The classical way of creating soil CB is by adding a 
mulch layer. Recently, there is an increase in CBs studies, 
especially, by researchers of arid zone soils (Kacimov et 
al., 2017). A recent novel design of the CB soil substrate 
involves 3-D structures of soil composites of coarse and 
fine zones with variable vertical and lateral hydraulic 
properties (Al-Ismaily et al., 2013; Al-Maktoumi et al., 
2014). This CB  soil structure optimizes the root zone 
conditions for cultivating crops under harsh climatic 
environment such as high temperature (Kacimov et al., 
2017), drought (Al-Ismaily et al., 2013; Al-Maktoumi et 
al., 2014), salinity and poor quality irrigation water (Ityel 
et al., 2012). In arid and semiarid countries like Oman, 
the use of CB can be beneficial because it minimizes 

fresh (irrigation and rainfall) water percolation to deep 
saline aquifers and evaporation losses. As a result, plant 
roots get properly aerated by the abundance of air pro-
vided in the coarse zones of CBs.

A naturally formed CB structure was discovered in 
the reservoir bed of the Al-Khoud dam at the Gover-
norate of Muscat in northern Oman (Al-Ismaily et al., 
2013). This CB consists of fine (silt) blocks (which can 
be geometrically approximated as rectangular paral-
lelepipeds) and cracks between these blocks filled with a 
coarse “proppant” sand. Having this uniquely structured 
CB allowed the soil to capture a large quantity of wa-
ter during a relatively short ponding period (less than 
1 month) and to conserve this water for long time (over 
six months) in the cascade of silty blocks at a depth of 
0.5 to 2.5 m, despite the high topsoil temperature and 
lack of rainfall during most part of the year (Al-Ismaily 
et al., 2013; Al-Maktoumi et al., 2014), resulting in lush 
wild vegetation emerging in several areas of the reser-
voir bed.

Normally, salts move with water, for example, during 
water evaporation, salts get advected by ascending mois-
ture fluxed and accumulate in the top of the soil profile. 
During infiltration events, these accumulated salts are 
leached downward. When the soil has layers of contrast-
ing texture (a discontinuity of the soil properties across 
the interfaces), the vertical fluxes of moisture and sol-
utes become more intricate as compared with homoge-
neous soils. It has been found that 3-D structured soils 
conserve water and reduce water evaporation even more 
than unstructured (homogeneous) soils (Al-Maktoumi 
et al., 2014). Thus, the CB structured soils conserve wa-
ter through reducing the evaporation rate, our hypothe-
sis is that the structured soil will be able to minimize salt 
accumulation in the plants’ root zone. In this study, we 
have investigated the influence of CB structured soils on 
mitigating salinity stress of marigold grown under field 
conditions of an arid climate of Oman.

Materials and Methods
Site Preparation
The experiment was conducted in an open field at 
the Agricultural Experiment Station (AES) (23°37’N, 
58°10’E), Sultan Qaboos University (SQU), Al-Khoud, 
Seeb, Muscat, Oman. An experimental plot made of a 
concrete block raised bed was constructed. The plot had 
a total area of 23m×8.5m and a boundary wall of 80 cm 
height. Half of the plot (11.5m×8.5 m) was filled with 
a homogeneous fine-textured soil (silty loam) brought 
from the reservoir of Al-Khoud dam. The remaining half 
of the plot was engineered to resemble the CB structure 
discovered by Al-Ismaily et al., (2013). Aluminum frame 
templates, having the size of 175 cm in length, 45 cm 
in width, and 30 cm height, were designed and manu-
factured to create the CB structure (Figure 1); where 
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the (A) spaces were filled with a fine-textured soil and 
the fractures of a small aperture (B) were filled with a 
sand (coarse-textured soil, also collected from the wadi 
which feeds the Al-Khod dam; the same sand was found 
in the natural prototype of the 3-D CB structure of the 
reservoir (Al-Ismaily et al., 2013). The elementary cell 
of the periodic 3-D structure in Figure 1 geometrically 
and hydraulically replicates the parallelepipeds of blocks 
and “proppant” sheaths in Al-Ismaily et al. (2013) and 
Al-Maktoumi et al. (2014). Figure 2 represents a side 
view of the experimental plot showing the structured or 
CB plot as compared to the unstructured or homoge-
nous plot.

The structured and unstructured plots were prepared 
and filled with soil in the following manner:  for the ‘un-
structured soil’ plot, the area was filled with a fine-tex-
tured soil (silty loam) up to 60 cm in height (Figure 2). 
The other half of the plot was designated as a ‘structured 
soil’ plot, and it consisted of two layers (top and bottom) 
having fine soil surrounded by the sandy fingers (Figure 
2). Filling of the structured soil area was as following; (1) 
a thin layer (≈5 cm) of sand was placed at the bottom of 
the plot area; (2) aluminum frame templates were used 
to fill the first (bottom) structured layer at about 30 cm; 
(3) another thin layer (5 cm) of sand was placed over the 
bottom structured layer; and (4) the top layer was filled 
in the same way using the same aluminum frame tem-
plates. The top structured layer was placed in a way it 
overlapped with the bottom structured layer as shown 
below in Figure 2. The frames in the top structured lay-
er were filled up to 20 cm in height, i.e. the top layer is 
“thinner” than the bottom layer (Figure 2). When the top 
structured layer was completed, a thin layer (2 cm) of 
mulch made of sand was placed over it. The total height 
of the engineered structured soil was about 60 cm, i.e. 
same as the height of the unstructured soil in the other 
half of the plot.

Soil Properties 
Soil texture was determined by using the hydrometer 
method (Bouyoucos, 1962). The percentages of sand, silt, 

and clay of the soil used for the unstructured soil and in 
the blocks of the structured soil were 22%, 53%, and 26%; 
the soil texture was silty loam. The soil water retention 
curve (Figure 3) was determined using the pressure plate 
apparatus from four suction values (1, 3, 5, and 15 bar) 
and corresponding volumetric moisture content. These 
values were plotted in RETC software (Van Genuchten 
et al., 1991) and the retention curve was constructed 
using parametric models of Brooks-Corey and van Ge-
nuchten. The soil retention curve shows that the satu-
ration point was about 0.42 cm3cm-3, field capacity was 
around 0.32 cm3cm-3, and the permanent wilting point 
of –15 bars was about 0.11 cm3cm-3. The measured soil 
salinity (ECe) and pH were 1.4 dS m-1 and 8.4, respec-
tively (Rhoades, 1996; Soil Survey Staff, 2014).

Treatments
Marigold (Tagetes erecta) ‘Taishan orange’ was used as 
a model plant in this study due to its extensive use as 
ornamental and medicinal plant in arid climates and re-

Figure 2. Side view (a vertical cross-section) of the struc-
tured soil (top panel) and unstructured soil (bottom pan-
el).

Figure 3. Soil water retention curve of soil used in unstruc-
tured area and blocks of structured area predicted by RETC 
software (water conent: cm3 cm-3)

Figure 1. Illustration of the templates used for filling the 
structured soil 
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sponded well to CB studies under controlled conditions 
(Al-Mazroui et al., 2019) Three-weeks-old marigold 
seedlings were transplanted and grown in both struc-
tured and unstructured soil areas. Initially, all plants in 
the two areas were irrigated with freshwater (Desali-
nated, ECw ≈ 0.6 dS m-1) for three weeks. Then, plants 
were subjected to three salinity levels of irrigation water 
(ECi= 3 dS m-1, 6 dS m-1, and 9 dS m-1), in addition to 
the control (Desalinated water, ECi ≈ 0.6 dS m-1). The 
irrigation system consisted of three saline stock solu-
tions of EC= 100 dS m-1 and three dosatron injectors 
(non-electric proportional liquid dispenser) (D3; Do-
satron International, Bordeaux, France). The injectors 
were used to pump 1M (100 dS m-1) NaCl salt solution 
to the freshwater (ECw = 0.6 dS m-1). The injectors were 
set to inject the salt solution into the freshwater in ratios 
that resulted in the required ECi= 3, 6, and 9 dS m-1 of ir-
rigation water. Sixty seedlings of marigold were planted 
in each treatment divided into three lines (20 seedlings 
in each line). A total of 480 seedlings were planted in 
the two sections, 240 seedlings for each of the structured 
and unstructured soils. The inter-plant distance was 50 
cm, and the inter-row distance was 50 cm whereas the 
boundary between the treatment plots was 1 m.

Irrigation and Fertilization
Inbuilt drip irrigation system (pressure-compensating 
drip emitters with flow rates of 4 L h–1) was installed 
and used to irrigate the plants. Each treatment had a 
solenoid valve (electrical valve) connected with an ir-
rigation controller (Hunter’s controller). The irrigation 
controller was programmed to irrigate each treatment 

separately. The amount of irrigation water given to the 
plants was based on the field capacity. They were irri-
gated with approximately 50% depletion of available wa-
ter capacity (AWC). All plants were fertilized with NPK 
(20:20:20+TE) initially through the irrigation system by 
dissolving 4 kg NPK in 4000 L of desalinated water in 
the tank.  After that, the plants were fertilized through 
spraying method every two weeks.

Soil Moisture Content and Electrical Conduc-
tivity Measurements 
Sensors (5TE, Decagon device, Pullman, WA, USA) 
were placed at two depth levels to measure soil mois-
ture content (θv) and EC (Figure 2). In the structured 
soil, six sensors were placed in each treatment (3 sen-
sors at the bottom structured layers and 3 sensors at the 
top structured layers). Thus, a total of 24 sensors were 
placed in the structured soil area. In the unstructured 
soil area, also 24 sensors were used. Six sensors were 
placed for each treatment. Three sensors were placed 
at 40 cm depth (the same depth of the bottom layer in 
the structured soil), and three sensors were placed at 10 
cm depth (the same depth of the top layer in the struc-
tured soil). The total number of sensors in the whole plot 
were 48. Sensors were connected with data loggers and 
programmed to read the moisture content and EC every 
hour. At the end of the experiment, the ECe of the two 
layers in the structured soil area and the corresponding 
soil depth (10 cm and 40 cm) in unstructured soil were 
measured using electrical conductivity meter (Oakton 
waterproof/pcstestr35pH/conductivity/TDS/salinity 
Tester, Oakton, USA). 

Plant Growth and Production Measurements
Vegetative, reproductive and physiological measure-
ments included:  shoot height, shoot width (canopy), 
number and size of flowers, leaf area, fresh and dry 
weight of shoots and roots, chlorophyll content and 
chlorophyll fluorescence. Chlorophyll content was mea-
sured using Chlorophyll Meter SPAD 502 (Minolta, Ja-
pan) whereas chlorophyll fluorescence was measured 
using Fluor Pen FP100 (Photon Systems Instruments, 
Brno, Czech Republic).

Water Use Efficiency (WUE)
We define WUE as the ratio of the yield of a crop (Y) to 
the total amount of water used in the field per day. WUE 
of each treatment was computed using the following for-
mula (Sinclair et al., 1984): 

 WUE=Y/WR    (1)

where, WUE = Water use efficiency (g/L),  Y = vegetative 
or reproductive biomass (g),   WR = amount of water ap-
plied for a plant per day (L). 

Figure 4. Time series of θv in the top (A) and bottom (B) 
layers of the structured soil and unstructured soil
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Statistical Analysis
The data were analyzed using the analysis of variance 
(ANOVA) procedure (PROC ANOVA) of the SAS ver-
sion 9.4 (SAS, 2018). 

Results
Soil Moisture Content and Electrical Conduc-
tivity (EC)
The time series of the soil θv of both structured and un-
structured soil at the two selected depths (10 cm and 40 
cm) in unstructured soil, and (top and bottom layers) in 
the structured soil are presented below (Figures 4 A and 
B). The high θv at the beginning of the experiment was 
because the soils were watered to allow them to settle 
down mechanically and also to check the irrigation sys-
tem. The θv of the top layer in the structured soil and 
at 10 cm depth in the unstructured soil was maintained 
within the field capacity of the soil (0.20 – 0.25 cm3cm-3). 
The bottom layer in the structured soil showed a con-
tinuous decrease in θv whereas almost a constant (θv = 
0.21) was obtained for unstructured soil at 40 cm. This 
was the case during the whole experiment period. 

The amount of water used to irrigate marigold plants 
was measured in both soil substrates using a water meter. 
The amount of the daily water applied to irrigate a single 
plant of marigold was about 0.75 L in the unstructured 
soil and 0.22 L in the structured soil. In other words, the 
structured soil required more than three times less wa-
ter to maintain the targeted moisture conditions of the 

root zone. 
The results showed that in all salinity treatments, the 

ECe of the topsoil was significantly higher in the un-
structured soil than in the structured soil (Figure 5-A). 
The difference in ECe between the structured and un-
structured soils was more significant at higher salinity 
level of irrigation water, viz. at ECi= 6 dS m-1 (4.05 and 
7.35 dS m-1 for structured and unstructured soil, respec-
tively) and 9 dS m-1 (5.74 and 8.70 dS m-1 for structured 
and unstructured soil, respectively). The same was with 
the bottom soil except in control salinity level (irrigation 
with freshwater) where there was no significant differ-
ence between the structured and unstructured soil (Fig-
ure 5-B). Unlike the top layer of the structured soil, the 
bottom part showed no increase in ECe as the salinity of 
irrigation water increased from control (1.37 dS m-1) to 
9 dS m-1 (1.46 dS m-1).

Vegetative Growth
Table 1 shows a significant decrease in all marigold 
vegetative parameters measured in the unstructured 
soil as the salinity level increased. On the other hand, 
there was no reduction in marigold vegetative param-
eters measured in the structured soil as the salinity 
level increased. There were no significant differences 
between control and 3 dS m-1 salinity level in the vege-
tative growth parameters except in the root fresh weight 
in both structured and unstructured soil. At 6 dS m-1 
salinity level, there was a reduction by 5.6% in shoot 
height, 10.1% in shoot width, 28.8% in leaf area, 30.7% 
in the shoot fresh weight, 24.6% in the dry shoot weight, 
54.4% in the roots fresh weight, and 69.8% in the roots 

Figure 5. The ECe of the topsoil in the structured and unstructured soil at different salinity treatments (A), and the ECe of 
the bottom soil in the structured and unstructured soil at different salinity treatments (B)
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dry weight in comparison to control. The effect of 6 dS 
m-1 salinity level was much less on the marigold in the 
structured soil where the shoot height, shoot width, leaf 
area, shoot fresh weight, shoot dry weight, root fresh 
weight, and root fresh weight decreased by 3.0%, 6.7%, 
16.9%, 1.5%, 7.4%, 50.8%, and 63.2%, respectively. At 9 dS 
m-1 salinity level, all vegetative traits measured were sig-
nificantly less in the unstructured soil where the shoot 
height, shoot width, leaf area, shoot fresh weight, shoot 
dry weight, root fresh weight, and root fresh weight de-
creased by 10.6%, 21.6%, 46.0%, 47.2%, 30.3%, 60.4%, 
75.5% respectively (Table 1). In contrast, there was no 
significant effect of 9 dS m-1 salinity level on measured 
vegetative parameters (except for shoot width and leaf 
area) of marigold grown in the structured soil. The shoot 
height, shoot width, leaf area, shoot fresh weight, shoot 
dry weight, root fresh weight, and root fresh weight in 
structured soil decreased by 4.4%, 10.9%, 27.6%, 2.3%, 
4.4%, 21.6%, and 27.4% respectively. 

Table 1 also shows a comparison between the struc-
tured soil and unstructured soil, with respect to the 
effects of salinity stress on marigold vegetative param-
eters. At control and 3 dS m-1 salinity levels, there were 
no significant changes in all vegetative parameters, ex-
cept in the shoot width at 3 dS m-1 salinity level, where-
as shoot width of marigold in the unstructured soil was 
higher than in the structured soil.  At 6 dS m-1 salinity 
level, the shoot height and shoot width were significant-
ly higher in the structured soil than in the unstructured 
soil (by 5.3% and 14.3%, respectively). At 9 dS m-1 sa-
linity level, the shoot height, shoot width, and shoots 
fresh weight were significantly higher in the structured 

soil than in the unstructured soil (by 10.7%, 24.2%, and 
40.3%, respectively). Overall, the structured soil result-
ed in significantly higher shoot height, shoot width, and 
leaf area.

Reproductive Growth 
Table 2 depicts the effect of different salinity levels on 
the reproductive growth of marigold plants grown in 
the structured and unstructured soil. The number of 
flowers, their size and weight decreased as salinity level 
increased in the unstructured soil. However, there was 
no significant effect of salinity on the marigold flower-
ing traits in the structured soil. The unstructured soil, 
at ECi= 3 dS m-1, indicated a significant reduction in 
the size of the flowers (by 4.1% compared to control). 
At ECi= 6 dS m-1, showed a reduction by 18.8 %  in the 
number of flowers, 8.7% reduction in the flower diam-
eter, 28.9% in the flowers’ fresh weight, and 10% in the 
flowers dry weight. In contrast, the reductions in the 
structured soil were only by 6.3% in the number of flow-
ers, 2.3% reduction in the flower diameter, 3.7% in the 
flowers fresh weight, and 2.3% in the flowers dry weight. 
At ECi= 9 dS m-1 salinity level, the number of flowers, 
flower diameter, flower fresh weight, and flower dry 
weight were decreased by 31.3%,  9.9%,  56.5%, 35.6%,  
respectively in the unstructured soil and by  6.3%, 2.6%, 
8.2%, and 1.3%,  respectively in the structured soil. Al-
though all marigold reproductive parameters declined 
significantly in the unstructured soil, the reduction in 
the structured soil was not significant. Table 2 also com-
pares the structured soil and unstructured soil in the 
effect of salinity stress on marigold reproductive param-

Figure 6. Water use efficiency for fresh flowers (A) and shoot biomass (B) in the structured and unstructured soil at different 
salinity levels
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eters. At control salinity level, there was no significant 
difference between the structured and unstructured soil 
in all reproductive parameters. At ECi= 3 dS m-1, the 
flower diameter in the structured soil was significantly 
bigger than that in the unstructured soil, whereas there 
were no critical differences in the number of flowers and 
their fresh and dry weight. At ECi= 6 dS m-1, the number 
of flowers produced by the marigold in the structured 
soil was statistically higher than that of the unstructured 
soil. Also, the structured soil resulted in a larger flower 
diameter than the unstructured soil at the same salini-

ty level. At ECi= 9 dS m-1, all reproductive parameters 
were significantly higher in the structured soil than in 
the unstructured soil. Taken together, the structured soil 
showed a significantly higher number of flowers, bigger 
flowers, and higher flowers’ dry weight.

Physiological Parameters
The experiments showed a significant decrease in the 
marigold leaf chlorophyll content and chlorophyll flu-
orescence with increasing levels of salinity in the un-
structured soil whereas no significant changes were 

Table 2. Effect of different salinity levels on reproductive growth parameters on marigold plants grown in the structured and 
unstructured soil design

Salinity Level Soil Shoot height Shoot width Leaf area Shoot fresh weight

Control
Structured 15Aa±0.61 6.18Aa±0.06 87.90Aa±2.68 21.94Aa±1.09

Unstructured 15Aa±1.06 6.06Aa±0.06 100.17Aa±3.57 20.03Aa±1.26

3 dS m-1
Structured 15Aa±0.81 6.05Aa±0.05 82.09Aa±2.71 21.27Aa±0.77

Unstructured 16Aa±1.26 5.80Bb±0.06 92.73Aa±4.75 22.33Aa±1.16

6 dS m-1
Structured 15Aa±0.66 6.07Aa±0.06 84.63Aa±7.65 21.43Aa±2.16

Unstructured 11ABb±0.82 5.53Cb±0.06 71.25Ba±4.23 17.84Aa±0.82

9 dS m-1
Structured 16Aa±0.92 6.21Aa±0.05 80.65Aa±6.57 22.66Aa±1.33

Unstructured 13Bb±1.38 5.46Cb±0.08 43.56Cb±5.01 12.90Bb±1.90

Average of structured 15a 6.13a 83.82a 21.83a

Average of unstructured 14b 5.71b 76.93a 18.28b

Values (means ± SE) in the same column with the same uppercase letters indicating no significant difference of the structured and 
unstructured soil separately at different salinity levels. Same lowercase letters in the same column indicating no significant differ-
ence between structured and unstructured soil at each salinity level at p≤0.05. 

Table 1. Effect of different salinity levels on vegetative growth parameters on marigold plants grown in the structured and 
unstructured soils

Sa-
linity 
Level

Soil Shoot 
height

Shoot 
width

Leaf area Shoot 
fresh 

weight

Shoot dry 
weight

Root 
fresh 

weight

Root dry 
weight

Control
Structured 36.67Aa±0.47 24.67Aa±0.68 19.03Aa±0.64 70.41Aa±2.47 11.95Aa±0.54 5.00Aa±0.30 2.77Aa±0.55

Unstruc-
tured

35.67Aa±0.62 24.67Aa±0.67 19.25Aa±0.94 77.83Aa±8.42 11.99Aa±1.22 7.70Aa±1.95 3.51Aa±0.97

3 dS m-1
Structured 35.11Aa±0.43 23.56Ab ±0.65 17.61ABa±1.14 63.15Aa±4.50 10.38Aa±0.52 2.34Ba±0.27 1.03Aa±0.14

Unstruc-
tured

34.56ABa±0.56 25.22Aa±0.32 16.75ABa±1.38 68.37Aa±5.56 11.52Aa±1.04 4.00Ba±0.68 1.81ABa±0.44

6 dS m-1
Structured 35.56Aa±0.46 26.44ABa±0.65 15.81BCa±0.67 71.49Aa±7.44 11.06Aa±0.73 2.46Bb±0.07 1.02Aa±0.06

Unstruc-
tured

33.67Bb±0.62 22.67Bb±0.55 13.71BCa±0.91 53.87ABa±0.38 9.04ABa±0.17 3.51Ba±0.12 1.06Ba±0.09

9 dS m-1
Structured 35.72Aa±0.54 26.11Ba±0.51 13.78Ca±0.84 68.76Aa±3.17 11.43Aa±0.71 3.92ABa±0.95 2.01Aa±0.84

Unstruc-
tured

31.89Cb±0.42 19.78Cb±0.91 10.40Ca±1.89 41.06Bb±5.91 8.36Ba±0.84 3.05Ba±0.46 0.86Ba±0.22

Average of structured 35.77a 25.20a 16.56a 68.45a 11.21a 4.57a 1.81a

Average of unstructured 33.95b 23.09b 15.03b 60.28a 10.23a 3.43a 1.72a

Values (means ± SE) in the same column with the same uppercase letters indicating no significant difference of the structured and 
unstructured soil separately at different salinity levels. Same lowercase letters in the same column indicating no significant differ-
ence between structured and unstructured soil at each salinity level at p≤0.05.
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observed in the marigold leaf chlorophyll content and 
chlorophyll fluorescence with increasing salinity level 
in the structured soil (Table 3). The unstructured soil 
showed a reduction in the chlorophyll content by 5.28%, 
12.17%, and 18.23% at ECi= 3 dS m-1, 6 dS m-1, and 9  dS 
m-1, respectively, compared to the control. On the other 
side, the structured soil showed only 2.27%, 1.63%, and 
3.04% reduction at ECi= 3  dS m-1, 6  dS m-1, and 9  dS 
m-1, respectively, compared to the control. Chlorophyll 
fluorescence decreased significantly in the unstructured 
soil at ECi= 6 dS m-1, and 9 dS m-1 by 1.5% and 3.13%, 
respectively, whereas the structured soil showed no sig-
nificant reduction in the chlorophyll fluorescence as sa-
linity level increased.

There were no significant differences between the 
structured and unstructured soils in the marigold chlo-
rophyll content and chlorophyll fluorescence for the 
control and the ECi= 3 dS m-1 treatment, however, at 
ECi= 6 dS m-1 and 9 dS m-1 salinity level, the chlorophyll 
content and chlorophyll fluorescence were significantly 
higher in the structured soil than in the unstructured 
soil (Table 3). Overall, the structured soil had signifi-
cantly higher chlorophyll contents and chlorophyll flu-
orescence.

Plant Mortality
At the end of the experiment, the number of dead plants 
in each treatment for both structured and unstructured 
soil was counted. The mortality percentages in the un-
structured soil were 58.3%, 8.3%, 0%, 0% at ECi= 9 dS 
m-1, 6 dS m-1, 3 dS m-1 and control, respectively. In con-
trast, the mortality percentages in the structured soil 
were 15%,  1.6% , 0%, 0% at ECi= 9 dS m-1, 6 dS m-1, 3 dS 
m-1 and control, respectively. The mortality of marigold 
plants in the structured soil was less by five to four times 
compared to the unstructured soil when irrigated with 

ECi= 6 dS m-1 and ECi= 9 dS m-1, respectively.

Water Use Efficiency
The WUE, which was based on the marigold fresh flower 
and shoot biomass to the daily irrigation water applied, 
is presented in Figure 6. WUE for shoot biomass var-
ied from 328.85 g/L (in the structured soil at ECi= 6 dS 
m-1) to 54.79 g/L (in the unstructured soil at ECi= 9 dS 
m-1). The WUE for flowers varied from 404.34 g/L (in 
the structured soil at control salinity level) to 58.12 g/L 
(in the unstructured soil at ECi= 9 dS m-1). There was a 
decreasing trend in WUE for both shoots and flowers 
biomass as the salinity level increased. This decrease in 
WUE was more obvious in the unstructured soil than 
in the structured soil.  WUE for flower biomass in the 
unstructured soil at control was 66.9% less than in the 
structured soil, and the differences increased with salin-
ity. The difference was 67.2%, 75.6%, and 84.3% at ECi= 
3 dS m-1, 6 dS m-1, and 9 dS m-1, respectively. Also, the 
WUE for shoot biomass in the unstructured soil at con-
trol was 67.9% less than in the structured soil, and the 
differences increased with the salinity. The difference 
was 68.6%, 78.1%, and 82.7% at ECi= 3 dS m-1, 6 dS m-1, 
and 9 dS m-1, respectively.

Discussion
Structured Soil on Water Saving and Salts Ac-
cumulation
Smartly structured soil substrate designed in this study 
showed a high capacity to save water and reduce salts ac-
cumulation compared to unstructured soil. The amount 
of water used to irrigate marigold plants in the unstruc-
tured soil was more than three times, as compared with 
that in the structured soil. The key reason for this huge 

Table 3. Effect of different salinity levels on physiological parameters on marigold plants grown under structured and unstruc-
tured soil configurations

Salinity Level (ECi) Soil Chlorophyll content
(SPAD readings)

Chlorophyll fluorescence 
(Fv/Fm)

Control
Structured 63.84Aa±0.87 0.65Aa±0.00

Unstructured 63.69Aa±0.65 0.64ABa±0.01

3 dS m-1
Structured 62.20Aa±0.80 0.65Aa±0.00

Unstructured 60.33Ba±0.94 0.66Aa±0.01

6 dS m-1
Structured 63.23Aa±0.59 0.65Aa±0.00

Unstructured 55.94Cb±0.95 0.63BCb±0.01

9 dS m-1
Structured 61.90Aa±0.74 0.64Aa±0.00

Unstructured 52.08Db±1.62 0.62Cb±0.01

Average of structured 62.79a 0.65a

Average of unstructured 58.01b 0.64b

Values (means ± SE) in the same column with the same uppercase letters indicating no significant difference of the structured and 
unstructured soil separately at different salinity levels. Same lowercase letters in the same column indicating no significant differ-
ence between structured and unstructured soil at each salinity level at p≤0.05. 
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water saving is the presence of the unique 3-D CB in 
our structured soil.  Our smart composite prevents or 
retards moisture movement from the pores of the silt 
blocks to sand. The engineered soil architecture reduces 
both the upward moisture movement during evapora-
tion and downwards water seepage during infiltration 
(Al-Ismaily et al., 2015; Al-Saqri et al., 2016). Therefore, 
structuring the soil allows the root zone to hold more 
“productive” water than in homogeneous soils and to 
prevent it from evaporative-percolation losses. Thus, 
water is depleted at a slow rate through favourable tran-
spiration rather than evaporation and deep percolation 
(Al-Maktoumi et al., 2014). Water resources in the arid 
and semi-arid zones of the Arabia are very scarce. Thus, 
saving irrigation water is of paramount importance for 
agriculture, urban landscaping and – in general – for na-
tional economies of MENA countries. 

In terms of salt accumulation, the ECe of the top and 
bottom structured soil was significantly less than the 
ECe of the unstructured soil at all salinity levels of irri-
gation water (Figures 5A and 5B). The difference in ECe 
between the structured and unstructured soils was more 
significant at higher salinity levels of irrigation water, 
viz. at   ECi= 6 dS m-1 and 9 dS m-1. This is again due to 
higher evaporation rates in the unstructured soil com-
pared to the structured soil (Al-Maktoumi et al., 2014). 
During evaporation, salts move with water to accumu-
late at the soil surface and shallow sub-surface (Goosen 
and Shayya,1999). Therefore, due to the higher water 
evaporation (and high norms of irrigation with saline 
water in the unstructured soil), there was much more 
salt accumulation in the unstructured soil.

Effect of Salinity on the Vegetative and Repro-
ductive Growth and Physiology of Marigold 
Grown in the Structured and Unstructured 
Soils
Increasing water salinity level in this study was much 
correlated with the reduction in vegetative, reproduc-
tive and physiological parameters of marigold grown in 
the unstructured soil compared to structured soil (Ta-
bles 1-3). Plant parameters were significantly better in 
structured soils compared to unstructured soils includ-
ing shoot height, canopy width, leaf area, number of 
flowers, flower diameters, and floral dry weight (Tables 1 
and 2), and plant physiological parameters (Table 3). This 
may have been attributed to the lower salts accumulat-
ed in the structured soil than in the unstructured soil 
(Figures 5A and 5B). Marigold vegetative characteristics 
such as shoot height, root length, no of leaves, fresh and 
dry biomass of marigold exhibited reduction under high 
concentration of NaCl (150, and 200 mM NaCl) (Sayyed 
et al., 2014). Furthermore, Chrysargyris et al., 2018 found 
that salinity of 100 mM NaCl decreased marigold flower 
weight, plant fresh and dry biomass, plant height and 
had a negative effect on physiological processes such 
as stomatal closure and chlorophylls content decrease.

In the present study, structured soil was so effective in 
mitigating salinity stress of marigold plants.  Our results 
are in agreement with Cude et al., (2018) who reported 
that a standard (layered) CB led to reductions or small-
er increases in salinity than in treatments without a CB. 
Also, Ityel et al., (2012) showed that the bell pepper 
plants grown above a CB yielded 24% higher biomass 
than control plants, particularly, under saline condition. 
Furthermore, Rooney et al., (1998) reported that placing 
a CB under the root zone was effective to prevent salini-
zation from underlying sources by stopping the capillary 
rise.

Plant Mortality
The mortality percentage of the marigold in the unstruc-
tured soil was 58.3% at ECi=9 dS m-1 and 8.3% at ECi=6 
dS m-1 whereas in the structured soil it was only 15% 
at ECi=9 dS m-1 and 1.7% at ECi=6 dS m-1. The higher 
mortality in the marigold grown in the unstructured soil 
is because of higher concentrations of salts accumulated 
in the unstructured soil than in the structured soil. High 
soluble salts in the soil lead to osmotic stress, specific 
ion toxicity and ionic imbalances (Munns, 1993) and, as 
a result, plants grown under these intolerable saline con-
ditions die (Rout and Shaw, 2001). Ozturk et al. (2004) 
showed that all seedlings of Melissa officinalis died at 
6 dS/m. Also, increasing soil salinity with NaCl salt up 
to 3000 ppm, corresponding to 5.7 dS m-1, resulted in 
the complete death of sage plants (Hendawy and Khalid, 
2005). Thus, our 3-D CB structured soil composites re-
duce salinity stress on the plants.

Water Use Efficiency
Structured soil showed a great impact on improving 
WUE, viz. about 66.9% improvement in the WUE for 
flower biomass and 67.9% for shoot biomass at control 
salinity level comparing with unstructured soil. The 
difference in WUE between the structured soil and un-
structured soil was greater at higher salinity levels. There 
was 67.2%, 75.6%, and 84.3% improvement in the WUE 
at ECi= 3 dS m-1, 6 dS m-1, and 9 dS m-1, respectively for 
flower biomass and 68.6%, 78.1%, and 82.7% at ECi= 3 
dS m-1, 6 dS m-1, and 9 dS m-1 salinity level, respective-
ly for shoot biomass. The higher WUE for both flowers 
and shoot biomass in the structured soil than in the un-
structured soil was due to less amount of water required 
to irrigate the marigold plants grown in the structured 
soil compared to the unstructured soil. Soil with even 
1-D CB store more water than those without CB (Bruch, 
1993; Zornberg et al., 2010; Huang et al., 2011). The CB 
can improve WUE by minimizing water loss and/or in-
creasing the crop yield. Several studies have shown the 
capability of the CB in improving WUE. An experiment 
conducted in greenhouses during cultivation of a horti-
cultural crop by Ityel et al. (2012) found that the instal-
lation of a CB increased 60% the soil water content and 
25% the fruit yield for green peppers, and increased the 
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matric head by 80% and the biomass yield by 36% for 
lettuce. A numerical study by Wongkaew et al. (2018) 
demonstrated the role of a CB in improving the root 
zone conditions and maximizing WUE. Moreover, Sa-
degh-Zadeh et al. (2009) indicated that CB can increase 
the water holding capacity and soil water content in lay-
ered soils.

Conclusion & Recommendations
Marigolds were grown in two soil configurations: 
structured and unstructured soils. In each soil treat-
ment, marigolds were subjected to four salinity levels 
of irrigation water. The results showed the ability of 
the structured soil, through its silty soil sandwiched by 
a sand-filled maze of horizontal and vertical fingers, to 
conserve the soil moisture more than three times, as 
compared with the unstructured soil. The WUE for both 
marigold flower and shoot biomass were much higher 
in the structured soil than in the unstructured soil. The 
WUE in the unstructured soil was 66.9% less than in the 
structured soil for flowers biomass, and 67.9% less for 
shoot biomass at control salinity level and the differenc-
es increased with salinity. Also, the structured soil sig-
nificantly reduced salt accumulation in the roots zone 
where the ECe of the structured soil was significantly 
higher than the ECe of the unstructured soil.

Moreover, marigold in the structured soil substrate 
showed better growth and flower production than the 
marigold in the unstructured soil, especially, at higher 
salinity levels. The physiological, vegetative and repro-
ductive parameters of marigold in the unstructured soil 
significantly decreased with salinity of irrigation wa-
ter. There were no significant changes due to irrigation 
with saline water in most physiological, vegetative and 
reproductive parameters of marigold in the structured 
soil compared to unstructured soil. Therefore, our study 
explored and substantiated a novel method in mitigat-
ing salinity problem, water-saving, and improving roots 
zone conditions and thereby improving crop production 
and WUE especially under the harsh conditions of de-
sertic farming. Further studies are needed to evaluate 
this smart-design soil with different plants including 
fruits, vegetables and ornamental plants of different root 
systems and growth patterns and under different irriga-
tion systems.
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