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A B S T R A C T

The concept of Integrating Aquaculture with Agriculture (IAA) is considered the right path towards achieving
sustainable agriculture in semi and arid areas. With the increase of global water scarcity, the double utilization of
water for both fish and crop production is gaining more attention since it ensures maximizing the productivity of
every unit of water used. This study investigated the effect of fish effluent irrigation on the herbage growth,
essential oil content, and composition of Origanum syriacum L. The experiment followed a randomized complete
design of three irrigation treatments with three replicates, i.e., control with 100% chemical fertilizers (CT), full
irrigation with fish effluent (FT), and the mixed treatment (MT) with 50% CT and 50% FT. Study findings showed
that FT reached 49 branches/plant, gained maximum plant height (58.8cm), and highest fresh and dry herbage
yield reaching 17.76 and 6.722 tons ha-1, respectively, in the second cut. Essential oil content reached the
maximum in FT at 64.02dm3 ha-1 and 143.5dm3 ha-1, while the lowest in CT at 15.95dm3 ha-1 and 109.33dm3

ha-1 for the first cut and second, respectively. Carvacrol was the main constituent of the excreted essential oil,
representing a maximum of 80.87% for FT in the first cut and 74.69% for MT in the second cut. It was closely
followed by p-Cymene (10.75% - CT, 6.38% - FT) and γ-Terpinene (5.06% - CT, 8.49% - FT) for the first and
second cut respectively. The importance of these major chemical components stems from their use in both the
food and pharmaceutical industries.
1. Introduction

Oregano is a common name that refers to plants that share a particular
odor and flavor (Leyva-L�opez et al., 2017; Ortega-Ramirez et al., 2016).
These plants are botanically identified under six different families. How-
ever, the most obvious ones are the Verbenaceae and Lamiaceae families
(Kintzios, 2012; Kintzios, 2004a, b). The genus Origanum (Lamiaceae)
comprises more than 61 species distributed mainly in Southern Europe,
around theMediterranean regions, andSouth-westAsia (Kintzios, 2004b).
These perennial herbs canbeharvested3–4 timesper yearwith a regrowth
cycle of up to 3–4 years. Herbs are widely used in the agro-food, phar-
maceutical, perfumery, and cosmetics industries due to their antimicro-
bial, antifungal, and antioxidative properties (Aziz et al., 2008; Bakkali
et al., 2008; Kulisic et al., 2004). However, recent research is focused on
the plant's potential to improve human health through pharmaceutical
and traditional remedies (Jałoszy�nski et al., 2008; Radu�sien _e et al., 2008;
Sewilam).

26 July 2020; Accepted 1 March
vier Ltd. This is an open access ar
Said et al., 2010). Interestingly, across cultures, oregano has been widely
used as carminative, diaphoretic, expectorant, emmenagogue, stimulant,
and a remedy for headaches, coughs, and toothaches (Ortega-Ramirez
et al., 2016). In Mexico, Turkey, and Greece, Origanum species are widely
used to spice up their food dishes, such as tomato-based sauce, lamb,
seafood, and pizza.

Several studies have been conducted on Lamiaceae species, which are
commonly known natural antioxidants due to their high amounts of
polyphenols and essential oils in their aerial vegetative parts (Dorman
et al., 2004; Proestos and Komaitis, 2008). The most commercially
cultivated species are O. vulgare subsp. hirtum, O. heracleoticum, O. onites
and O. syriacum (Ortega-Ramirez et al., 2016). These species, in partic-
ular, are well known for having a high content of essential oils of up to
2% (Kintzios, 2004a).

Essential oils are defined as complex mixtures of volatile compounds
present in aromatic plants characterized by a distinctive odor and high
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resistance to hydrolysis (Dima and Dima, 2015; Shaaban et al., 2012).
Oregano is rich in phenolic monoterpenoids, mainly attributed to
carvacrol and/thymol as well as γ-terpinene, p-cymene, linalool,
terpinene-4-ol, and sabinene hydrate (Ciamician, 2000; Kintzios,
2004a; O'Grady and Kerry, 2009).

The quality and commercial value of oregano plants are determined
by the content and the composition of their essential oils (Kulisic et al.,
2004; Said et al., 2010). Additionally, the quality of the crop is also
influenced by the type of genotype, cultivation practices and mostly by
the environmental conditions such as the mineral composition of the soil,
irrigation patterns, water quality, and fertilizer application (Anwar et al.,
2005; Aziz et al., 2008; Edris et al., 2003; Hellal and Mahfouz, 2011;
Jałoszy�nski et al., 2008; Toaima and El-Maghara, 2016a). The high level
of both phenolic and flavonoid compounds in oregano is mainly affected
by an adequate supply of nutrients and optimal soil moisture. Previous
studies demonstrated that higher nitrogen applications in oregano are
associated with higher concentrations of monoterpene oxygenated,
thymol, and carvacrol, compared to monoterpene hydrocarbons (Aziz
et al., 2008; Omer, 1999). In the Mediterranean region, the composition
of essential oil in oregano was found to be between 3% to 68% carvacrol
(Bern�ath, 1997).

To our knowledge, no study had been conducted to investigate the
yield and composition of essential oil in Origanum syriacum L. cultivated
under the Integrated Aquaculture Agriculture (IAA) system. The IAA
system applies an on-farm synergy between crops and fish to increase
productivity per unit of water used per area. This system's fundamental
principle is to recycle and re-use the nutrient-rich aquaculture discharge
for integrated sustainable crop production. In their study (Zhang et al.,
2011), reported significant benefits of recirculating fish wastewater
discharges to combat both water and environmental pollution, which
eventually increases water use efficiency in IAA systems. Additionally, a
few other studies have also been reported on oregano production under
aquaponic systems (Knaus and Palm, 2017; Nozzi et al., 2018; Savidov et
al., 2007). Ramírez S�anchez et al. (2011) investigated the productivity of
oregano in both aquaponics and hydroponics, and they reported higher
fresh and dry yields in the case of aquaponics. Many other studies have
been conducted assessing the system's productivity with different crops
and reported profound positive results (Dugan et al., 2006; Halwart et al.,
2004; Prein, 2002; Suloma and Ogata, 2006). Some authors reported up
to 60% net income benefits from savings of fertilizers, fish sales, and
pesticide savings by integrating fish with rice and some vegetables (Dey
and Prein, 2004; Dey et al., 2005). This research aims at studying the
production and growth response of Egyptian oregano (Origanum syriacum
L.) in sandy soils under different irrigation treatments. This study's main
objective is to investigate the effect of fish effluents on the growth,
biomass productivity, and essential oil composition of Origanum syriacum
L. in sandy soils under Egyptian field conditions compared to the control
(irrigation with chemical fertilizers).

2. Materials and methods

2.1. Experiment setup

Field experiments were carried out at the research facility of the
Center for Applied Research on the Environment and Sustainability at
The American University in Cairo, New Cairo, Egypt (30�01011.700N
31�29059.800E) in July 2018 and April 2019. During the experimental
period, the site recorded a minimum andmaximum temperature of 6.9 �C
and 36.2 �C, respectively, with an average of 20.5 �C. The average pre-
cipitation was 4mm, and radiation of 220.2 W/m2.

Oregano seedlings used in this experiment were obtained from the
Horticultural Institute at the Agricultural Research Center in Giza-Egypt.
The experiment followed a randomized complete block design (RCBD) of
three irrigation treatments with three replicates. In the three treatments,
compost was added at a rate of 85m3 ha-1 two weeks before transplanting.
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Control treatment (CT) - freshwater and 100% recommended chem-
ical fertilizers, i.e., nitrogen (ammonium sulphate at 430 kg ha-1),
phosphorous (single superphosphate at 110 kg ha-1), and potassium
(potassium sulphate at 60 kg ha-1) (FAO, 2005; Kintzios, 2003). Phos-
phorus was added in full dose during soil preparation. Nitrogen and
potassium were added in three equal doses, during planting, at the full
establishment, and before flowering. Even though some crops may thrive
in some parts of the world without a fertilizer regime, given Egypt's
desert climate, fertilizers are added to the soil to ensure plants' survival.
Therefore, in this research, the control is the fertilized treatment. In the
effluent treatment (FT), crops were only irrigated with tilapia effluent
water during all cycles. In the mixed treatment (MT), crops received 50%
of CT and 50% FT.

The 45-day old seedlings were transplanted in early August 2018 into
isolated experimental beds measuring 2m by 3m, each filled with sandy
soil. A total of nine beds were used in this experiment, three beds for each
treatment, and each bed consisted of four rows of crops with an intra and
inter-row spacing of 30 and 60 cm, respectively, as shown in Figure 1. A
single soil sample was obtained and sent for analysis at the Soils, Water
and Environment Research Institute, Agricultural Research Center, Giza,
Egypt. The soil particle size distribution was carried out using the pipette
method. Electrical conductivity (EC) values were measured from the soil
paste extract; soil pH values were taken from soil suspensions at ratio
1:2.5 as described by Estefan (2013). The available nitrogen in the soil
sample was extracted using potassium chloride (KCl) as an extractable
solution with the ratio of (5gm soil to 50 ml KCl) and determined using
the micro-kjeldahl method. Available potassium was determined using a
flame photometer, and the other elements in the soil sample were
determined by using inductively coupled plasma (ICP) Spectrometry
(model Ultima 2 JY Plasma) (EPA and Thomas, 1991; Soltanpour, 1991).
The physical and chemical characteristics of the used soil are presented in
Table 1.

All treatments were irrigated at the same rates according to the crop's
water needs using drip irrigation lines. Accordingly, the soil moisture
content was measured as volumetric water content percentage using a
field-scout TDR 350 soil moisture meter from spectrum technologies. All
the plots were irrigated every other day to keep the soil moisture level at
field capacity. An average volume of 3.83 L/m2/day was applied every
other day to all plots, and the total irrigation water volume in all the
treatments for both cuts was 1023.5 L/m2. All plants in all the treatments
reached the cutting time (80% flowering) simultaneously.

The fishpond establishment: A trapezoidal plastic-lined pond was
established with a depth of 1.5m and a water volume of 6m3 to cultivate
Nile tilapia (Oreochromis niloticus). The pond was lined with PVC plastic
to avoid seepage and covered with a black net to reduce evaporation
losses. Nile tilapia at the stage of fingerlings with a mean weight between
8 – 15 g and total biomass of 8 kg were introduced into the pond in July
2018. Fish were fed with a commercial floating diet supplied by Skretting
10th of Ramadan Rd., El Sharqia, Egypt. Fish feed composition was: 30%
crude protein, 5% crude lipid, 6% crude fiber, 13% Ash, and 9% mois-
ture. A sample of 30 fish was measured monthly to monitor fish growth
with respect to weight and length and also to regulate the feeding rate.
Hence, the fish were fed 3–4 times daily at a feeding rate of 5–8%,
depending on their total biomass. Water temperature, pH, and dissolved
oxygen were closely monitored daily using an automated Nilebot tech-
nologies system supplied by Conative labs, El Basatin, Cairo Governorate.
Ammonia, nitrite, and nitrate were checked every week for optimization
of Nile Tilapia using API freshwater master test kit. Likewise, for nutrient
water analysis, water samples were taken between the two critical crop
growth stages of the experimented plant (Oregano), i.e., the vegetative
and budding stage. At these stages, the plant gains maximum biomass,
and the plant's essential oil levels increase significantly. Therefore, two
water samples were collected in the morning before feeding the fish
during both stages and immediately sent for chemical analysis at the
Agricultural Research Center, Giza, Egypt. Table 2 represents the



Figure 1. The experimental schematic design of the IAA system used in this experiment.

Table 1. Chemical and physical properties of experimental soil.

Soil Type pH EC dS/m Anions (meq./L) Cations (meq./L) N mg/kg P mg/kg K mg/kg

CO3- HCO3- SO42- Cl- Ca2þ Mg2þ Naþ Kþ

Sand 7.9 2.8 - 1.0 5.2 20.8 9.3 7.2 9.5 1.0 166 1.1 46.5
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chemical lab analysis of the fish effluent water used in both FT and MT
treatments.

Comparatively, to easily assess and understand the nitrogen nutrient
supply for all treatments, the average nutrient levels were calculated. CT
variant supplied a total of 9.03 g/m2 of nitrogen applied throughout the
crop's growth during the two cuts, 7.02 g/m2 of nitrogen in MT and 5.01
g/m2 in FT.

2.2. Determination of relative growth

A total of nine plants were selected at random from each treatment,
three plants per replicate, to determine the plant height, in cm as the
length of the main stem from the soil surface. The total number of
branches per plant was also recorded at different growth stages, i.e.,
Early Vegetative stage (E.V.S), Late Vegetative stage (L.V.S), Budding
stage (B.S), and Full Flowering stage (F.F.S). Two successive cuts for all
treatments were done at 80% flowering. Immediately after cutting, fresh
weights were obtained using a laboratory-scale balance (PCE-BSK 5100).
The plants were then placed in labeled paper bags and dried at 70 �C for
three days. Then, plants’ dry weights were obtained to estimate the total
biomass productivity per treatment. Tilapia fish were harvested at the
end of the experiment with an average of 450 g and total biomass of
about 300 kg.

2.3. Essential oil extraction & gas chromatography-mass spectrometry
analysis (GC-MS)

Essential oils were extracted from fresh samples of 100 g weight
(stems, leaves, and inflorescences) in triplicates for each treatment. They
were hydro distilled over 90 min using 500 ml of distilled water with a
fixed extraction time. The distillate was extracted with diethyl ether and
dried over anhydrous sodium sulphate. The resulting organic layer of
essential oils was concentrated at 30 �C using a vigreux column and then
Table 2. Chemical analysis of fish effluent water for the two cuts at crop establishme

Water Sample ppm pH EC dS/m Soluble anions (meq./L)

CO3- HCO3- SO42-

1st Cut 359.5 7.3 0.7 - 0.2 1.2

2nd Cut 370.5 7.5 0.9 - 0.2 1

Average 365 7.4 0.8 - 0.2 1.1
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analyzed. The GC-MS analysis was performed using Agilent Technologies
equipped with gas chromatography (7890B) and mass spectrometer de-
tector (5977A) at Central Laboratories Network, National Research
Centre, Cairo-Egypt. Samples were diluted with hexane (1:19, v/v) and
analyzed using GC equipped with HP-5MS column (30 m � 0.25 mm
internal diameter and 0.25 μm film thickness). Samples fractionation
were carried out using helium as the carrier gas at a flow rate of 1.0 ml/
min at a split ratio of 1:10, injection volume of 1 μl and the following
temperature program: 40 �C for 1 min; rising at 4 �C/min to 150 �C and
held for 6 min; rising at 4 �C/min to 210 �C and held for 5 min. The
injector and detector were held at 280 �C and 220 �C, respectively. Mass
spectra were obtained by electron ionization (EI) at 70 eV; using a
spectral range of m/z 40–550 and solvent delay 3 min. The identification
of different constituents was determined by comparing the spectrum
fragmentation pattern with those stored in Wiley and NIST Mass Spectral
Library data.

2.4. Statistical analysis

For biomass productivity, data was analyzed based on per square
meter productivity. Statistical significance was determined with analysis
of variance (ANOVA) using SPSS V22. All the extractions were analyzed
in triplicates, and data expressed as mean � S.D with Duncan test at α ¼
0.05.

3. Results and discussion

3.1. Effect of irrigation treatments on herbage yield

The effect of different irrigation treatments on plant height and the
number of branches for O. syriacum were assessed, and the results are
presented in Figure 2. Results show that different irrigation treatments
significantly differed in plants' herbage yield across various growth
nt stages.

Soluble cations NH4
þ mg/L NO3

- P

(meq./L) mg/L mg/L

Cl- Ca2þ Mg2þ Naþ Kþ

3.5 1.4 0.5 3.3 - 2.25 13.5 2.3

4.5 1.2 0.5 3.5 0.1 2.35 14.1 2.5

4 1.3 0.5 3.4 0.1 2.3 13.8 2.4



Figure 2. The effect of Irrigation treatments on; A & B: Number of branches in cut 1&2; C & D: plant heights in cut 1&2 at different growth stages. Early Vegetative
stage (E.V.S), Late Vegetative stage (L.V.S), Budding stage (B.S) and Full Flowering stage (F.F.S).
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stages in both cuts (p < 0.05). During the first cut, plants under FT
significantly had a higher number of branches at the harvesting stage
with 18 branches/plant followed by MT and CT with 15 and 14
branches/plant, respectively (p < 0.0001) as shown in Figure 2A.
However, for the second cut, all treatments at the harvesting stage, their
number of branches more than doubled (48, 48, and 49 branches/plant
for MT, CT, and FT, respectively). No statistical significance was noted at
the harvesting stage except at E.V.S, L.V.S, and B.S (p < 0.05), as shown
in Figure 2B. It is expected that cutting would encourage branching, and
additionally, the well-established plants in the second cut would have a
robust root system that supports vegetative growth (Chimonidou-Pavli-
dou, 2000; Pal and Mahajan, 2017).

For plant heights in cut one, Figure 2C, results indicate that MT
significantly had the highest plant height (63 cm) at the harvesting stage
compared to other treatments (p < 0.05). However, during the harvest-
ing stage in cut two, FT significantly had a higher plant height (58.8 cm)
compared to other treatments (p < 0.0001), as shown in Figure 2D.

Although the CT had the lowest number of branches and plant height
at the harvesting stage, it recorded higher values during E.V.S than other
treatments. This might have affected the chemical fertilizers as an acti-
vation dose to boost initial crop growth since CT received significant
fertilizers at the transplanting time. However, compared to CT, FT
significantly had a lower herbage yield at E.V.S (p < 0.05). This is due to
the longer time taken by organic fertilizers to release nutrients to become
more efficient (Naguib, 2011). Generally, there was a gradual increase in
4

plant height and the number of branches per plant for all the treatments
from E.V.S to B.S, which slowed down at F.F.S (Figure 2). Different
studies have reported the significant benefit of fish effluents in increasing
the herbage yield of crops and the water use efficiency (FAO, 2019;
Mariscal-Lagarda et al., 2012; Zajdband, 2011). In his study, Pereira
(2002) investigated the effect of fish effluents on lettuce. He reported a
significant increase in the plant's shoot biomass while irrigating them
with fish effluents.
3.2. Effect of irrigation treatments on biomass yield

Regarding the dry and fresh weight production for cut one, results
show that FT significantly had higher fresh and dry weights, 167.4
g.plant-1 and 49.7 g.plant-1, respectively, compared to MT and CT (p <

0.0001) as shown in Figure 3. Although CT supplied a total of 9.03 g/m2

of nitrogen and FT supplied 5.01 g/m2 of nitrogen during the whole
season for the two cuts, the continuous application of nitrogen-rich fish
effluents could have led to the increase in biomass yield and efficient
absorption by plants in the case of FT. Even though (Pereira2002; Seim
et al. 1987) reported a range of total nitrogen in fish effluents from 5-10
mg/L, in this study, effluent total nitrogen composition was 4.9 mg/L,
slightly lower than the reported range. On the other hand, no significant
difference in fresh weight was observed between CT and MT for both
cuts. However, in both cut one and two, CT significantly had a lower dry



Figure 3. Fresh and dry weight of crops for all three treatments. Data is presented as a means of triplicates for each treatment with Standard Error bars. Bars of the
same texture having the same letter above them share no significant difference at p > 0.05 (Duncan Test).
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weight (20 g.plant-1 and 92.9 g.plant respectively) compared to other
treatments (p < 0.0001).

The total fresh biomass production ranged from 3.666 – 9.278 ton ha-
1 for the first cut and 14.5–17.76 ton ha-1 for the second cut for all the
treatments, and the maximum yield was recorded with FT. Our results
agree with Baranauskien _e et al. (2013); they reported a total fresh weight
production ranging from 8.0 to 18.1 ton ha-1 withO. vulgare in Lithuania.
In comparison to the two cuts, both fresh and dry weights were signifi-
cantly different for all treatments at t (52) ¼ -14.917, p < 0.0001 and t
(52) ¼ -19.047, p < 0.001 respectively. The fresh and dry herbage yields
using FT for the second cut were 17.76 and 6.722 tons ha-1, respectively.
This yield is approximately double the yield from the first cut, i.e., 9.278
and 2.777 tons ha-1 for fresh and dry weight, respectively.

On the other hand, the herbage yield of CT increased by almost four
folds from the first cut to the second cut, i.e., 3.666 and 1.111 tons ha-1 in
the first cut and 14.5 and 5.111 tons ha-1 in the second cut for fresh and
dry weights respectively. These, however, were still significantly lower
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yields compared to the other treatments. MT recorded 15.012 and 6.058
tons ha-1 for fresh and dry weights, respectively.

Kintzios (2012) reported that oregano production could reach
2.5–3.5 tons ha-1 of dry weight with about two cuts annually. This
study revealed that irrigating O. syriacum with FT can double the re-
ported yields, although MT also recorded promising results. This could
mainly be attributed to the higher and continuous levels of nitrogen
fertilization from the fish effluents. A study conducted on oregano
plants by Ahl et al. 2009 and Omer, 1999 revealed a positive corre-
lation between essential oil content and the available nitrogen in the
soil. Other authors have also reported considerably high yields of
produce while using fish effluents as an irrigation source for different
crops such as rice and maize (Abdul-Rahman et al., 2011; Danaher
et al., 2016; Neori et al., 2004). Hussain and Al-Jaloud (1995) re-
ported more than 100% yields while experimenting with aquaculture
effluents compared to well water with wheat crops (Wesley et al.,
2000).



Figure 4. The percentage yield of essential oil for each treatment extracted
from a 100gm sample basis. Values are expressed as means of the three tripli-
cates. Bars of the same letter above them share no significant difference at p >

0.05 (Duncan Test).
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Furthermore, Limbu et al. (2017) reported a significant increase in
Chinese cabbage, which yielded 80% more under fish effluent irrigation
than conventional production. It is of great benefit at both community
and family levels that such integrated aquaculture and agriculture sys-
tems are critically important to achieve on-farm sustainability and global
food security. Indeed ass freshwater demand increases, global water
scarcity is gradually increasing at an alarming rate. Therefore, increasing
crop production with the least amount of water is of paramount impor-
tance to global food production. Integrated fish and rice farming have
proved viable in so many Asian countries such as Bangladesh, India,
Indonesia, Malaysia, and Vietnam, which has significantly improved both
the social and economic livelihoods of people in those areas (Dey and
Prein, 2004; Halwart et al., 2004; Suloma and Ogata, 2006). Similarly,
Table 3. The chemical composition of O. syriacum at the harvesting stage for all trea

Component name First cut

CT FT

α-Pinene 0.98a � 0.05 0.84a � 0.06

β-Pinene 0.39a � 0.06 0.39a � 0.04

β-Myrcene 1.37a � 0.33 1.31a � 0.31

α-Phellandrene 0.46a � 0.08 0.39a � 0.07

α-Terpinene 1.77a � 0.05 1.59a � 0.09

p-Cymene 10.75a* � 0.04 9.28a* � 1.60

γ-Terpinene 5.06a* � 0.58 4.81a* � 0.62

Terpinen-4-ol 0.65a � 0.05 0.50a � 0.00

Carvacrol 69.51a* � 2.83 80.87a* � 11.35

Caryophyllene 1.96a � 0.22 2.90a � 0.03

Caryophyllene oxide 0.46a � 0.02 0.33a � 0.00

Humulene 2.04a � 0.00 -

β-Bisabolene 0.41a � 0.00 -

Bicyclo [3.1.0]hex-2- 2.06a � 0.07 1.90a � 0.18

1-Octen-3-ol 0.76a � 0.54 0.41a � 0.01

Cis-Sabinene Hydrate 1.11a � 0.24 0.93a � 0.00

trans-3-Caren-2-ol 1.13a � 0.00 0.69a � 0.00

Thymoquinone 1.13a � 0.00 0.69a � 0.00

D-Limonene - -

Phenol, 2-methyl-5-(1-methylethyl)-, acetate - -

tau.-cadinol - -

Percentage Composition values are given as means of the three replicates for each treat
the same letter within each cut are not significantly different (p> 0.05). * represents a
0.05). Missing values for a component in specific treatments are denoted with -.
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suppose these systems and methodologies are designed to suit the local
environment and indigenous practices in similar countries like Egypt. In
that case, they will create a sustainable and robust food production sys-
tem that will enable so many families to shift out of poverty.

3.3. Effect of irrigation treatments on essential oil yield

The plants' essential oil content and yield at the cutting stage were
assessed under different treatments for both cut one and two (Figure 4).
Results of cut one show that FT and MT significantly had a higher oil
content (0.69% and 0.63%) by fresh weight (100 g) compared to CT (p <

0.0001). However, no significant difference in oil content was noted
among all treatments at the second cut. Results of this study are also
supported by Verma et al. (2010), who reported that the oil content of
Origanum was highest at full bloom. Overall, plants in cut two had a
higher oil content (0.78%) than in cut one (0.58%) and this was signif-
icantly different t (28) ¼ -4.66, p < 0.0001. These results were higher
compared to the 0.42% average essential oil content reported by Nur-
zy�nska-Wierdak (2009) in his field trials on oregano plants.

At a larger scale comparison, FT can yield up to 64.02 and 143.5 dm3

ha-1 of essential oil for the first and second cuts, respectively. CT can yield
only 15.95 and 109.33 dm3 ha-1 for the first and second cut, respectively,
while MT can still give the yield between FT and CT, i.e., 38.17 and 117.69
dm3 ha-1 for the first and second cut, respectively. Considering the second
cut results, this implies that FT can produce about 34.17 dm3 ha-1 of
essential oil more than CT per cut. The cumulative yield can reach up to
103 dm3 ha-1 of essential oil yield difference between FT and CT in three
cuts per year. Different studies have shown that nitrogen's application rates
greatly alter essential oil content and composition (Ahl et al., 2009; Gürbüz
et al., 2009b; Khater et al., 2015). The availability of high nutrient nitrogen
in the rhizosphere enhances the chemical synthesis and composition of
essential oils (Sharma & Kumar, 2012; Zheljazkov et al., 2010). These re-
sults agree with those of (Aziz et al., 2008; Omer, 1999), who found a
positive correlation between nitrogen fertilization and essential oil content
tments.

Second cut

MT CT FT MT

0.99a � 0.53 0.69a � 0.02 0.75a � 0.18 0.66a � 0.08

0.29a � 0.04 0.18a � 0.04 0.21a � 0.07 0.17a � 0.03

0.60a � 0.42 1.84a � 0.14 2.14a � 0.45 1.95a � 0.19

0.33a � 0.00 0.48a � 0.16 0.56a � 0.24 0.59a � 0.22

1.05a � 0.37 1.98a � 0.12 2.22a � 0.36 2.05a � 0.12

9.15a* � 3.44 6.18a* � 0.47 6.38a* � 0.73 5.36a* � 0.50

4.13a* � 0.99 7.28a* � 0.11 8.50a* � 0.85 7.27* �0.60

- 0.32a � 0.15 0.71a � 0.40 0.50a � 0.13

78.55a* � 1.82 73.71a* � 0.27 71.02a* � 4.04 74.70a* � 1.86

2.04a � 1.22 2.44a � 1.29 2.73a � 0.54 2.714a � 0.60

0.31a � 0.00 0.52a � 0.12 0.48a � 0.13 0.37a � 0.11

0.31a � 0.00 0.19a � 0.04 0.17a � 0.04 0.21a � 0.15

0.58a � 0.00 0.41a � 0.21 0.49a � 0.13 0.50a � 0.27

1.55a � 0.49 1.51a � 0.05 1.66a � 0.35 1.48a � 0.18

- - - -

1.08a � 0.35 - - -

0.77a � 0.00 - - -

0.77a � 0.00 - - -

- 0.45a � 0.03 0.45a � 0.12 0.48a � 0.04

- 0.65a � 1.09 0.17a � 0.10 0.22a � 0.11

- 0.23a � 0.03 0.26a � 0.08 0.23a � 0.01

ment for the two cuts with their standard deviations. Values in the same row with
significant difference of a component between the first cut and the second cut (p<
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for Origanum syriacum and Ocimum americanum. Chauhan et al. (2013), in
their field experiment with Origanum vulgare recorded a maximum oil
content of 0.55% by fresh weight of 300 g. This study revealed more than
50% of the oil content that has been previously reported at full bloom.

3.4. Effect of irrigation treatments on essential oil composition

Results in Table 3 show the percentage composition of the 21
chemical constituents analyzed as an average of five samples for each
treatment for both the first and the second cut. Among all the analyzed
components, carvacrol was the most abundant, reaching 80.87% and
74.69% for the first and second cut. It was closely followed by p-Cymene
ranging (5.364–10.75%), γ-Terpinene (4.13–8.498%), Caryophyllene
(1.96–2.9%), α-Terpinene (1.05–2.22%), and β-Myrcene (0.6–2.14%) in
both cuts. The study results agree with the findings of (Ciamician, 2000;
El-Wahab et al., 2016; Kokkini et al., 2003; O'Grady and Kerry, 2009)
who found the same main constituents in Origanum crops. Carvacrol was
highest, with FT reaching 80.87% for the first cut, but it dropped to 71%
in the second cut. This might have been caused by the exceedingly cu-
mulative levels of nutrient nitrogen in the root zone, as reported by (Azizi
et al., 2009). Compared to all treatments, even though carvacrol,
p-Cymene, and γ-Terpinene had quite different composition values, they
were not found significantly different between treatments for the same
cut number (p > 0.05). Significant differences for the composition values
were sighted only between the two cuts for the treatments (p < 0.0001).
This study results conform with Azizi et al. (2009), who experimented
with different oregano varieties and reportedmore than 70% carvacrol as
the main component in oregano closely followed by γ-terpinene and
p-cymene at 8.1–9.5% and 4.5–5.3%, respectively. Also, in their previous
experiment with Origanum vulgare (Chauhan et al., 2013), found up to
62.26% of thymol as the main chemical composition that is chemically a
very close active ingredient to carvacrol. p-Cymene as the second major
constituent was relatively higher up to 10.75%.

4. Conclusion

Findings showed that the herbage yield of Origanum syriacum L. could
be significantly increased by irrigation with fish effluents (FT). Similarly,
FT showed a greater potential of increasing essential oil yield per cut per
area of production. However, it did not significantly increase the essential
oil composition of the main compounds compared to the rest of the treat-
ments. Overall, irrigation with FT, increases crop biomass yield and
essential oil content of O. syriacum. These findings serve as a milestone
towards fertilizer savings andwater consumption regardingwater resource
sustainability and efficient use. With the additional crop (fish), FT can
significantly increase the net benefits, water use efficiency, and better
resource sustainability. A holistic scientific understanding of the synergies
at all levels between the aquaculture and agricultural units is required to
achieve these goals. This study can serve as a useful reference for case
studies focusing on increasing on-farm productivity and sustainability.
However, the most appropriate integrated systems should be country- and
site-specific, considering the available local tools and materials.

Nevertheless,more studies are required to investigate further FT's effect
on the essential oil composition over several cuts and in different seasons.
Repetitive water analysis should be done to evaluate and assess the plants'
entire growth cycle's water quality impact. We also suggest future research
on the IAA system's economics, investigating the study's economic feasi-
bility on different high-value crops and the water footprint of the system. It
considers water recycling and re-uses, hence assessing its sustainability.

Declarations

Author contribution statement

Fahad Kimera: Performed the experiments; Analyzed and interpreted
the data; Wrote the paper.
7

Hani Sewilam: Conceived and designed the experiments; Contributed
reagents, materials, analysis tools or data; Wrote the paper.

Walid M. Fouad; Ashraf Suloma: Conceived and designed the exper-
iments; Wrote the paper.
Funding statement

This work was supported by the American University in Cairo.
Data availability statement

Data included in article/supplementary material/referenced in
article.
Declaration of interests statement

The authors declare no conflict of interest.
Additional information

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2021.e06423.

References

Abdul-Rahman, S., Saoud, I.P., Owaied, M.K., Holail, H., Farajalla, N., Haidar, M.,
Ghanawi, J., 2011. Improving water use efficiency in semi-arid regions through
integrated aquaculture/agriculture. J. Appl. Aquacult.

Ahl, H.A.H.S.-A., Ayad, H.S., Hendawy, S.F., 2009. Effect of potassium humate and
nitrogen fertilizer on herb and essential oil of oregano under different irrigation
intervals. Ozean J. Appl. Sci. 2, 319–323.

Anwar, M., Patra, D.D., Chand, S., Alpesh, K., Naqvi, A.A., Khanuja, S.P.S., 2005. Effect of
organic manures and inorganic fertilizer on growth, herb and oil yield, nutrient
accumulation, and oil quality of French basil. Commun. Soil Sci. Plant Anal. 36,
1737–1746.

Aziz, E., Hendawi, S., Azza, E.E.D., Omer, E.A., 2008. Effect of soil type and irrigation
intervals on plant growth, essential oil yield and constituents of Thymus vulgaris
plant. Am. J. Agric. Environ. Sci. 4, 443–450.

Azizi, A., Yan, F., Honermeier, B., 2009. Herbage yield , essential oil content and
composition of three oregano ( Origanum vulgare L .) populations as affected by soil
moisture regimes and nitrogen supply. Ind. Crop. Prod. 29, 554–561.

Bakkali, F., Averbeck, S., Averbeck, D., Idaomar, M., 2008. Biological effects of essential
oils – a review. Food Chem. Toxicol. 46, 446–475.

Baranauskien _e, R., Venskutonis, P.R., Dambrauskien _e, E., Vi�skelis, P., 2013. Harvesting
time influences the yield and oil composition of Origanum vulgare L. ssp. vulgare and
ssp. hirtum. Ind. Crops Prod. 49, 43–51.

Bern�ath, J., 1997. Some scientific and practical aspects of production and utilization of
oregano in central Europe. In: Padulosi, S. (Ed.), Oregano, 14. Proceedings of the
IPGRI International Workshop, Italy, Rome, pp. 75–92.

Chauhan, N.K., Singh, S., Haider, S.Z., Lohani, H., 2013. Influence of phenological stages
on yield and quality of oregano (Origanum vulgare L.) under the agroclimatic
condition of doon valley (uttarakhand). Indian J. Pharm. Sci. 75, 489–493.

Chimonidou-Pavlidou, D., 2000. Correlation between internal and external stages of rose
development. Acta Hortic. 233–244.

Ciamician, G., 2000. Variability of Essential Oil Content and Composition of Origanum
Vulgare L . Populations from a North Mediterranean Area ( Liguria Region , Northern
Italy ).

Danaher, J.J., Pickens, J.M., Sibley, J.L., Chappell, J.A., Hanson, T.R., Boyd, C.E., 2016.
Tomato seedling growth response to different water sources and a substrate partially
replaced with dewatered aquaculture effluent. Int. J. Recycl. Org. Waste Agric.

Dey, M., Prein, M., 2004. Increasing and Sustaining the Productivity of Fish and rice in
the Flood-Prone Ecosystems in South and Southeast Asia. Penang, Malaysia.

Dey, M.M., Prein, M., Haque, A.B.M.M., Sultana, P., Dan, N.C., Van Hao, N., 2005.
Economic feasibility of community-based fish culture in seasonally flooded rice fields
in Bangladesh and Vietnam. Aquac. Econ. Manag. 9, 65–88.

Dima, C., Dima, S., 2015. Essential oils in foods: extraction, stabilization, and toxicity.
Curr. Opin. Food Sci. 5, 29–35.

Dorman, H.J.D., Bachmayer, O., Kosar, M., Hiltunen, R., 2004. Antioxidant properties of
aqueous extracts from selected Lamiaceae species grown in Turkey. J. Agric. Food
Chem. 52, 762–770.

Dugan, P., Dey, M.M., Sugunan, V.V., 2006. Fisheries and water productivity in tropical
river basins: enhancing food security and livelihoods by managing water for fish. In:
Agricultural Water Management.

Edris, A.E., Shalaby, A., Fadel, H.M., 2003. Effect of organic agriculture practices on the
volatile aroma components of some essential oil plants growing in Egypt II: sweet
Marjoram (Origanum marjorana L.) essential oil. Flavour Fragr. J. 18, 345–351.

https://doi.org/10.1016/j.heliyon.2021.e06423
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref1
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref1
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref1
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref2
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref2
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref2
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref2
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref3
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref3
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref3
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref3
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref3
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref4
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref4
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref4
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref4
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref5
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref5
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref5
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref5
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref6
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref6
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref6
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref6
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref7
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref7
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref7
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref7
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref7
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref7
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref7
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref8
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref8
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref8
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref8
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref8
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref9
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref9
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref9
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref9
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref10
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref10
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref10
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref11
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref11
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref11
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref12
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref12
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref12
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref13
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref13
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref65
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref65
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref65
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref65
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref14
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref14
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref14
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref15
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref15
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref15
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref15
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref16
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref16
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref16
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref17
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref17
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref17
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref17


F. Kimera et al. Heliyon 7 (2021) e06423
El-Wahab, A., Ellabban, H.M., Moghith, W.M.A., 2016. Combined effect of organic and
biofertilizer on herb yield and essential oil production of Origanum vulgare L. plants
under sandy soil conditions. J. Agric. Res. 42, 144–159.

EPA, 1991. In: Thomas, A. (Ed.), Methods for the Determination of Metals in
Environmental Samples. Office of Research and Development, Washington DC, Ohio.

Estefan, G., 2013. Methods of Soil, Plant, and Water Analysis: A Manual for the West Asia
and North Africa Region, third ed.

FAO, 2019. Special Session on Advancing Integrated Agriculture - Aquaculture through
Agroecology. Montpellier, France.

FAO, 2005. Fertilizer Use by Crop in Egypt. Rome, Italy.
Gürbüz, B., Daneshian, A., Gurbuz, B., Cosge, B., Ipek, A., 2009. Chemical components of

essential oils from basil (Ocimum basilicum L.) Grown at different nitrogen levels.
Int. J. Nat. Eng. Sci. 3, 1.

Halwart, Matthias, Gupta, Modadugu, V., Halwart, M., Gupta, M.V., 2004. Culture of Fish
in rice fields Culture of Fish in rice fields. Penang, Malaysia.

Hellal, F., Mahfouz, S., 2011. Partial substitution of mineral nitrogen fertilizer by bio-
fertilizer on (Anethum graveolens L.) plant. Agric. Biol. J. N. Am. 2, 652–660.

Hussain, G., Al-Jaloud, A.A., 1995. Effect of irrigation and nitrogen on water use
efficiency of wheat in Saudi Arabia. Agric. Water Manag. 27, 143–153.

Jałoszy�nski, K., Figiel, A., Wojdyło, A., 2008. Drying kinetics and antioxidant activity of
oregano. Acta Agrophys. 11, 81–90.

Khater, E.-S.G., Bahnasawy, A.H., Shams, E.-H.S., Hassaan, M.S., Hassan, Y.A., 2015.
Utilization of Effluent Fish Farms in Tomato Cultivation.

Kintzios, S.E., 2012. Oregano. In: Handbook of Herbs and Spices. Elsevier, pp. 417–436.
Kintzios, S., 2004a. Oregano: the Genera Origanum and Lippia, second ed. Taylor &

Francis, New York.
Kintzios, S., 2004b. Oregano. In: Handbook of Herbs and Spices. Woodhead Publishing,

pp. 215–229.
Kintzios, S., 2003. Oregano: the Genera Origanum and Lippia - Google Books. CRC Press,

Athens, Greece.
Knaus, U., Palm, H.W., 2017. Effects of fish biology on ebb and flow aquaponical cultured

herbs in northern Germany (MecklenburgWestern Pomerania). Aquaculture 466, 51–63.
Kokkini, S., Karousou, R., Hanlidou, E., 2003. HERBS | herbs of the labiatae. In:

Encyclopedia of Food Sciences and Nutrition. Elsevier, pp. 3082–3090.
Kulisic, T., Radonic, A., Katalinic, V., Milos, M., 2004. Use of different methods for testing

antioxidative activity of oregano essential oil. Food Chem. 85, 633–640.
Leyva-L�opez, N., Guti�errez-Grijalva, E.P., Vazquez-Olivo, G., Heredia, J.B., 2017. Essential

oils of oregano: biological activity beyond their antimicrobial properties. Molecules
22, 989.

Limbu, S.M., Shoko, A.P., Lamtane, H.A., Kishe-Machumu, M.A., Joram, M.C.,
Mbonde, A.S., Mgana, H.F., Mgaya, Y.D., 2017. Fish polyculture system integrated
with vegetable farming improves yield and economic benefits of small-scale farmers.
Aquacult. Res. 48, 3631–3644.

Mariscal-Lagarda, M.M., P�aez-Osuna, F., Esquer-M�endez, J.L., Guerrero-Monroy, I., del
Vivar, A.R., F�elix-Gastelum, R., 2012. Integrated culture of white shrimp
(Litopenaeus vannamei) and tomato (Lycopersicon esculentum Mill) with low salinity
groundwater: management and production. Aquaculture 366–367, 76–84.

Naguib, N.Y.M., 2011. Organic vs chemical fertilization of medicinal plants: a concise
review of researches. Adv. Environ. Biol. 5, 394–400.

Neori, A., Chopin, T., Troell, M., Buschmann, A.H., Kraemer, G.P., Halling, C., Shpigel, M.,
Yarish, C., 2004. Integrated aquaculture: rationale, evolution and state of the art
emphasizing seaweed biofiltration in modern mariculture. Aquaculture.

Nozzi, V., Graber, A., Schmautz, Z., Mathis, A., Junge, R., 2018. Nutrient management in
aquaponics: comparison of three approaches for cultivating lettuce, mint and
mushroom herb. Agronomy 8.

Nurzy�nska-Wierdak, R., 2009. Herb Yield and Chemical Composition of Common Oregano
(Origanum Vulgare L.) Essential Oil According to the Plant’s Developmental Stage.
8

O’Grady, M.N., Kerry, J.P., 2009. Using antioxidants and nutraceuticals as dietary
supplements to improve the quality and shelf-life of fresh meat. In: Improving the
Sensory and Nutritional Quality of Fresh Meat. Elsevier, pp. 356–386.

Omer, E.A., 1999. Response of wild Egyptian oregano to nitrogen fertilization in a sandy
soil. J. Plant Nutr. 22, 103–114.

Ortega-Ramirez, L.A., Rodriguez-Garcia, I., Silva-Espinoza, B.A., Ayala-Zavala, J.F., 2016.
Oregano (Origanum spp.) oils. Essent. Oils food preserv. Flavor Saf. 625–631.

Pal, P.K., Mahajan, M., 2017. Pruning system and foliar application of MgS04 alter yield
and secondary metabolite profile of Rosa damascena under rainfed acidic conditions.
Front. Plant Sci. 8, 507.

Pereira, E.W.L., 2002. Use of Fish Pond Effluent in the Irrigation of Lettuce Grown inDifferent
Types of Substrate. Monog. of Grad. Eng. Agron. Elsevier, Mossor�o, RN. Brazil.

Prein, M., 2002. Integration of aquaculture into crop–animal systems in Asia. Agric. Syst.
71, 127–146.

Proestos, C., Komaitis, M., 2008. Application of microwave-assisted extraction to the fast
extraction of plant phenolic compounds. LWT - Food Sci. Technol. 41, 652–659.

Radu�sien _e, J., Ivanauskas, L., Janulis, V., Jak�stas, V., 2008. Composition and
variability of phenolic compounds in Origanum vulgare from Lithuania.
Biologija 54, 45–49.

Ramírez S�anchez, M., P�erez Trujillo, M., Jim�enez Morales, P., Hurtado Giraldo, H., G�omez
Ramírez, E., 2011. Preliminary evaluation of aquaponic and hydroponic floating bed
systems for the cultivation of oregano (Origanum vulgare: Lamiaceae). J. Fac. Basic
Sci. 7, 242–259.

Said, H., Ahl, -Al, Wahby, M.S., 2010. Effect of water stress and potassium humate on the
productivity of organo plant using saline and fresh water irrigation, View project B.
Ozean J. Appl. Sci. 3, 17.

Savidov, N.A., Hutchings, E., Rakocy, J.E., 2007. Fish and plant production in a
recirculating aquaponic system: a new approach to sustainable agriculture in Canada.
Acta Hortic. 209–221.

Seim, K.W., Boyd, E.C., Diana, J., 1987. Environmental considerations. In: Hillary, S.E.,
Claude, E.B. (Eds.), Dynamics of Pond Aquaculture. CRC Press, U.S.A., Boca Raton,
New York, U.S.A., pp. 163–184

Shaaban, H.A.E., El-Ghorab, A.H., Shibamoto, T., 2012. Bioactivity of essential oils and
their volatile aroma components: Review. J. Essent. Oil Res. 24, 203–212.

Sharma, S., Kumar, R., 2012. Effect of nitrogen on growth, biomass and oil composition of
clary sage (Salvia sclarea Linn.) under mid hills of north western Himalayas. Ind. J.
Nat. Prod. Res.

Soltanpour, P.N., 1991. Determination of Nutrient Availability and Elemental Toxicity by
AB-DTPA Soil Test and ICPS. Springer, New York, NY, pp. 165–190.

Suloma, A., Ogata, H.Y., 2006. Future of rice-fish culture, desert aquaculture and feed
development in africa: the case of Egypt as the leading country in Africa. Japan Agric.
Res. Q. JARQ 40, 351–360.

Toaima, W.I.M., El-Maghara, I., 2016. Effect of organic fertilizer and dry yeast on Sinapis
alba L. plant under Sinai conditions. Egyptian J. Desert Res.

Verma, R.S., Rahman, L., Verma, R.K., Chanotiya, C.S., Chauhan, A., Yadav, A.,
Yadav, A.K., Singh, A., 2010. Changes in the essential oil content and composition of
Origanum vulgare L. during annual growth from Kumaon Himalaya. Curr. Sci.

Wesley, C.W., Bernard, M.M., Veverica, K., Karanja, N., 2000. Use of Pond Effluent for
Irrigation in an Integrated Crop/aquaculture System. Oregon.

Zajdband, A.D., 2011. Integrated Agri-Aquaculture Systems. Springer, Dordrecht,
pp. 87–127.

Zhang, S.Y., Li, G., Wu, H.B., Liu, X.G., Yao, Y.H., Tao, L., Liu, H., 2011. An integrated
recirculating aquaculture system (RAS) for land-based fish farming: the effects on
water quality and fish production. Aquac. Eng. 45, 93–102.

Zheljazkov, V.D., Cantrell, C.L., Astatkie, T., Ebelhar, M.W., 2010. Peppermint
productivity and oil composition as a function of nitrogen, growth stage, and harvest
time. Agron. J. 102, 124.

http://refhub.elsevier.com/S2405-8440(21)00528-4/sref18
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref18
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref18
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref18
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref19
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref19
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref20
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref20
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref21
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref21
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref22
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref23
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref23
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref23
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref24
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref24
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref25
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref25
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref25
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref26
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref26
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref26
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref27
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref27
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref27
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref27
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref28
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref28
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref29
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref29
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref30
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref30
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref31
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref31
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref31
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref32
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref32
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref33
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref33
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref33
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref34
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref34
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref34
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref35
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref35
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref35
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref36
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref36
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref36
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref36
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref36
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref37
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref37
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref37
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref37
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref37
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref38
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref39
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref39
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref39
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref40
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref40
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref40
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref41
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref41
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref41
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref42
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref42
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref42
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref43
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref43
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref43
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref43
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref44
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref44
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref44
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref45
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref45
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref45
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref46
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref46
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref46
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref47
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref47
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref47
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref48
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref48
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref48
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref48
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref49
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref49
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref49
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref50
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref50
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref50
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref50
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref50
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref50
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref50
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref51
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref52
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref52
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref52
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref53
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref53
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref53
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref53
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref54
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref54
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref54
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref54
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref55
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref55
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref55
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref56
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref56
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref56
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref57
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref57
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref57
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref58
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref58
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref58
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref58
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref59
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref59
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref60
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref60
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref60
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref61
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref61
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref62
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref62
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref62
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref63
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref63
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref63
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref63
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref64
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref64
http://refhub.elsevier.com/S2405-8440(21)00528-4/sref64

	Sustainable production of Origanum syriacum L. using fish effluents improved plant growth, yield, and essential oil composition
	1. Introduction
	2. Materials and methods
	2.1. Experiment setup
	2.2. Determination of relative growth
	2.3. Essential oil extraction & gas chromatography-mass spectrometry analysis (GC-MS)
	2.4. Statistical analysis

	3. Results and discussion
	3.1. Effect of irrigation treatments on herbage yield
	3.2. Effect of irrigation treatments on biomass yield
	3.3. Effect of irrigation treatments on essential oil yield
	3.4. Effect of irrigation treatments on essential oil composition

	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


