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Abstract: Nutrient management has a decisive impact on the biomass and essential oil yield of
medicinal plants. This study aimed to determine the optimal levels of nitrogen, potassium, and
seaweed extract fertilizers to maximize the yield and quality of thyme using the response surface
methodology (RSM). The experiment was laid out as a Box-Behnken design with three replications
and three experimental factors, including nitrogen (urea) (0, 200, and 400 kg ha−1), and foliar
application of potassium (Flourish Sulfopotash) (0, 6, and 12 kg ha−1) and seaweed extract (0, 3,
and 6 L ha−1). The generated models were statistically significant for all measured traits except for
γ-terpinene and p-cymene. While the influence of N on the amount of photosynthetic pigments
followed a quadratic trend, the response of total chlorophyll and carotenoids to increasing potassium
was linear. The response of biomass yield to N and seaweed was quadratic and linear, respectively.
Potassium application had no significant influence on biomass. Essential oil yield reached its peak
value (12 kg ha−1) when N and seaweed were applied at their intermediate levels and with the
maximum application rate of potassium. Thymol was identified as the highest essential oil component
(46.1%), followed by γ-terpinene (19.2%), p-cymene (14.1%), and carvacrol (5.6%). The optimization
results suggested that the application of 162 kg ha−1 urea, 12 kg ha−1 Flourish Sulfopotash, and
4 L ha−1 seaweed extract was sufficient to produce the maximum dry matter (1247 kg ha−1), and
more than 11 kg ha−1 of essential oil, with a concentration of 1%. Through optimization, the amounts
of thymol and carvacrol were estimated to be as much as 44.2% and 6.2%, respectively. The results of
the study suggested that resource optimization through RSM can be used as an efficient method to
manage the consumption of fertilizers in thyme production.

Keywords: essential oil; nutrients optimization; seaweed; thyme

1. Introduction

In recent years, soil health has received substantial attention and nutrient management
has shifted dramatically to the natural soil fertility and use of organic sources of nutrients
as an alternative to synthetic fertilizers [1]. Medicinal and herbal plants, including thyme,
are traditionally known for being tolerant to marginal soils and low nutrient requirements.
However, the optimal management of fertilizers is essential for achieving the maximum
economic yield of medicinal plants. Synthetic nitrogen fertilizers are the most widely used
chemical fertilizers in agriculture [2]. While it is necessary to supply sufficient nitrogen to
crop plants to produce optimal yields, improper nitrogen management is a serious challenge
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to the sustainability of farming and a major threat to the environment. The influence of
fertilizers on quantitative and qualitative traits of medicinal plants is well-documented.
The findings of a two-year study by Emami Bistgani et al. [1] using different sources of
fertilizers suggested that the highest biomass and biochemical properties of thyme could
be obtained from the application of combined organic and inorganic sources of nutrients.
Similarly, fertilization of thyme with a combination of mineral NPK, spent mushroom
substrate (SMS), and farmyard manure resulted in the production of the highest biomass.
However, the antioxidant properties of thyme were highest when SMS fertilization was
used [3]. Studies on other medicinal and herbal plants also indicated that biomass yield
and essential oils content and yield were improved by the addition of fertilizers to the
crop [4–6].

Phosphorus and potassium are the most important macronutrients for plants after
nitrogen [7]. The influence of potassium on the yield, essential oils, and major compo-
nents of various medicinal and aromatic plants, such as marigolds [8], lavender [9], and
coriander [10], has been reported.

The use of environment-friendly inputs of natural and organic origin resources can
stimulate plant growth by improving the efficient use of synthetic fertilizers [1,11]. Seaweed
extracts are among the organic products that are widely used as a biostimulant in crop
production due to their growth-stimulating and other beneficial effects on plants [12,13]. For
example, the application of Kelpak seaweed extracts to plants grown under phosphorus
and potassium deficiency resulted in a significant improvement in the growth of okra
seedlings [14]. In another experiment, the application of Ascophyllum nodosum seaweed
extract alleviated the negative influence of drought stress on spinach by improving relative
water content and leaf area, thus increasing its overall yield [15]. Reports indicated that
the foliar application of seaweed, compared with soil application, is more effective in the
improvement of plant growth and yield [16,17].

Thyme (Thymus vulgaris L.) is one of the important medicinal plants of the Lamiaceae
family and is native to the Mediterranean regions of Southern Europe. It is distributed
worldwide and currently is cultivated for use in the food and pharmaceutical indus-
tries due to its unique pharmaceutical components, including terpenoids, phenolics, and
flavonoids [18–20]. Thymol, γ-terpinene, p-cymene, and carvacrol have been identified
as important components of thyme essential oil [20]. These compounds have significant
antibacterial, antifungal, antioxidant, anti-tumor, and anti-inflammatory characteristics [18].
In recent years, the cultivation of thyme has become popular in Iran; however, its produc-
tion relies on use of synthetic fertilizers.

Due to human health and environmental concerns, the use of agrochemicals, including
fertilizers, must be fine-tuned. Despite the critical role of nutrients in optimizing the growth
and yield of medicinal plants and their associated essential oils, there is a gap in information
about the simultaneous optimization of various nutrient resources for thyme cultivation.

The current study aimed to determine the optimal levels of nitrogen, potassium, and
seaweed extract sources to maximize thyme dry matter, essential oil yield, and its major
essential oil components using response surface methodology.

2. Materials and Methods
2.1. Experimental Conditions and Management

The present study was conducted in the spring and summer of 2021 at the research
farm of Sanandaj Azad University (35◦10′ N, 46◦59′ E, and 1386 m above sea level) with an
average temperature of 13.4 ◦C and a long-term annual rainfall of 471 mm. The mean air
temperature and rainfall during the growing season of 2021 and the norm for the growing
period, and the properties of the soil in the experimental site are shown in Tables 1 and 2,
respectively. The effects of nitrogen (urea), potassium (Flourish Sulfopotash, K2O 50%),
and seaweed extract (Ascokelp brand, containing 5% seaweed extract, 2% free amino acids,
13% organic matter, 0.2% nitrogen, 5% K2O, and 1% P2O5) on various parameters of thyme
(Thymus vulgaris L.) were investigated. Fertilizer treatment consisted of urea in three levels
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of 0, 200, and 400 kg ha−1, Flourish Sulfopotash in three rates of 0, 6, and 12 kg ha−1,
and seaweed extract in three levels of 0, 3, and 6 L ha−1. Thyme seeds (obtained from
Zarringiah Company, Urmia, Iran) were sown in the greenhouse, and after 45 days, the
seedlings were transplanted into the experimental plots on 9 May. The experimental plots
consisted of four planting rows, 4 m in length with an inter-row spacing of 0.7 m and 0.2 m
between the plants within the rows. The experiment consisted of three replications. The
nitrogen fertilizer was split and applied at two equal rates, at the stem elongation stage
and then three weeks later. The potassium fertilizer was used as a foliar spray during
the stem elongation stage, and seaweed extract was also foliar sprayed three times at
two-week intervals from the stem elongation stage onwards. The experimental plots were
irrigated throughout the experiment through a drip tape system. The amount of consumed
irrigation water was recorded, using a shut-off valve to bring the soil moisture content
to the field capacity. The weeds were controlled manually during the growing season of
thyme when needed.

Table 1. Mean air temperature and rainfall during the growing season of 2021 and long-term period.

Months
Mean Air Temperature (◦C) Rainfall (mm)

2021 Long-Term Period 2021 Long-Term Norm

May 20.9 16.6 3.6 39.6
June 26.6 22.3 0 2.8
July 28.7 27.0 0 0.7
August 27.1 26.5 7.1 0.6
September 22.5 21.1 0 0.7

Table 2. Soil characteristics of the experimental site.

Characteristic Value

Clay (%) 34.9
Silt (%) 31.8
Sand (%) 33.3
OC (%) 0.92
TNV (%) 12
pH 7.5
EC (dS m−1) 0.603
Ntotal (%) 0.09
P (mg kg−1) 16.1
K (mg kg−1) 298
NO3-N (mg kg−1) 24.0
NH4-N (mg kg−1) 17.5

OC: organic carbon, TNV: total neutralizing value, EC: electrical conductivity, N: nitrogen, P: phosphorus, K: potassium.

2.2. Measurements
2.2.1. Photosynthetic Pigments

Leaf samples were harvested at the full flowering stage from each experimental plot.
A total of 0.5 g of fresh leaves was placed in 10 mL of 80% acetone and kept in the dark for
24 h in a refrigerator at a temperature of 4 ◦C. Then, the samples were centrifuged and the
absorbance of the supernatant solution of each sample was recorded by a spectrophotometer
at the wavelengths of 470, 663.2, and 646.8 nm. Total chlorophyll and carotenoids were
calculated using the following equations [21]:

Chl a + b
(

mg g−1 FW
)
= (7.15 A663.2 + 18.71 A646.8).v/1000w

Car
(

mg g−1 FW
)
= (1000 A470 − 1.82 Chl a− 85.02 Chl b).v/(198)(1000w)

where Chl a + b and Car denote the concentrations of total chlorophyll and carotenoids,
respectively. A663.2, A646.8, and A470 are the absorbance values at 663.2, 646.8, and 470 nm,
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and v and w represent the volume of acetone (mL) and the weight of the fresh leaf sample
(g), respectively.

2.2.2. Aerial Biomass

The aerial parts of plants in an area of 2.4 m2 from the two middle rows of each
experimental plot were harvested by hand. Harvested plants were dried in a forced-air
oven to constant weight, and after drying, the dry weight yield per unit area was calculated.

2.2.3. Essential Oil

To extract the essential oil, 50 g of dried leaves from the harvested plants from each
plot were separated, powdered, and subjected to hydro-distillation in a Clevenger-type
apparatus for 3 h. The concentration of essential oil was expressed as g per 100 g leaf dry
weight, and the essential oil yield was presented as kg ha−1.

2.2.4. Identifying the Essential Oil Components

Analysis of the essential oil samples was conducted by gas chromatography with flame-
ionization detection (GC-FID) and gas chromatography coupled with a mass spectrophotome-
ter (GC-MS). An Agilent 7890B GC-FID (Agilent Technologies, Santa Clara, CA, USA) with
HP-5MS capillary column (30 m× 0.25 mm, 0.25 µm film thickness) was used. The volume of
the injected sample was 0.1 µL and the temperatures of the injector and detector were set at
280 ◦C and 290 ◦C, respectively. The samples were injected in a split mode. The carrier gas
was helium with a pressure of 34 psi and a flow rate of 1 mL min−1. The initial temperature
of the column was kept at 50 ◦C for 1 min, then raised to 260 ◦C at a rate of 10 ◦C per min and
kept at this temperature for 8 min. The applied GC-MS device was an Agilent type equipped
with a capillary column of HP-5MS (30 m × 0.25 mm, 0.25 µm film thickness). The ionization
energy was 70 eV and the investigated mass range was 50 to 550 amu, and the temperature
of the ionization source was set at 230 ◦C. The temperature conditions of the column and
carrier gas settings were the same as mentioned for the GC. The essential oil components
were identified by comparing their mass spectra with information from databases including
NIST and Wiley, as well as through the retention indices (RI) and fracture patterns reported
for them. In the present study, a variety of compounds were detected in the thyme essential
oil using GC-MS, of which the four compounds, including thymol, γ-terpinene, p-cymene,
and carvacrol were identified as major constituents. The relative percentages of essential oil
components were determined by calculating the surface area under the GC peaks.

2.3. Statistical Analysis

The data analysis was performed using the response surface methodology (RSM)
technique in the Box-Behnken design. The number of experimental runs in the Box-
Behnken design was determined as N = 2k(k − 1) + cp, where k and cp indicate the number
of experimental factors and center points, respectively [22]. The levels of independent
variables, i.e., nitrogen, potassium, and seaweed extract were coded as −1, 0, and +1,
equivalent to low, medium, and high levels of each factor, respectively. The actual and
coded values of the factor levels are shown in Table 3. The response variables, including
the amounts of photosynthetic pigments, shoot dry weight of the plant, the percentage
and yield of essential oil, and the main components of essential oil versus the independent
variables, i.e., fertilizer factors, were fitted in the form of a full quadratic polynomial model
as follows:

ŷ = b0 + b1x1 + b2x2 + b3x3 + b11x2
1 + b22x2

2 + b33x2
3 + b12x1x2 + b13x1x3 + b23x2x3

where ŷ denotes the predicted response; x1, x2, and x3 represent the coded values of
nitrogen, potassium, and seaweed extract fertilizers, respectively; b0 is the intercept; b1, b2,
and b3 represent the linear coefficients; b11, b22, and b33 are the quadratic; and b12, b13, and
b23 are the interaction coefficients.
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Table 3. Coded and actual levels of the experimental factors.

Coded Levels

Actual Levels

Nitrogen
(kg urea ha−1)

Potassium
(kg FSP ha−1)

Seaweed Extract
(L ha−1)

−1 0 0 0
0 200 6 3

+1 400 12 6
FSP: Flourish Sulfopotash.

The efficiency of the regression models was determined after analysis of variance,
according to the significance of the model (p ≤ 0.05) and the non-significance of the “lack of
fit” index. In addition, the adequacy of the models was evaluated by calculating the criteria
of coefficient of determination (R2), adequate precision, and coefficient of variation (CV).

After selecting variables with a significant response, and based on the desired objec-
tives, the necessary settings were implemented in the software. Optimization analysis
using desirability functions was performed to determine the optimal values of the fertil-
ization factors to achieve the experimental objectives. The modeling, optimization, and
generation of the plots were carried out using the Design Expert 12 software (Stat-Ease,
Inc., Minneapolis, MN, USA).

3. Results
3.1. Evaluation of the Models

The results from analysis of variance indicated that the generated models were statistically
significant (p < 0.05) for all tested traits except for γ-terpinene and p-cymene. In addition, if
the “lack of fit” term was not significant (p > 0.05), it confirms the efficiency of the model
(Tables 4 and 5). The other criteria used to further explain the performance of the models were
the coefficient of determination (R2) and the adequate precision (Tables 4 and 5). High values
of R2 indicate the model’s ability to explain the variations in response variables. The adequate
precision index demonstrates the signal-to-noise ratio and is acceptable only if the index is
higher than 4. The high values of R2 (>0.90) and the adequate precision (>4) for the attributes
of total chlorophyll and carotenoids content, biomass dry weight, essential oil content and
yield, thymol, and carvacrol content indicated the adequacy of the models for these traits
(Tables 4 and 5). The low index values for γ-terpinene and p-cymene indicated the inadequacy
of the regression models for these two components (Table 5).

Table 4. Analysis of variance, regression coefficients, and adequacy criteria of the fitted models for
total chlorophyll, carotenoids, and shoot dry weight.

Source df

Total Chlorophyll Carotenoids Shoot Dry Weight

Regression
Coefficient p-Value Regression

Coefficient p-Value Regression
Coefficient p-Value

Model 9 0.0027 0.0019 0.0257
Intercept 1.55 0.7304 1003.00
Linear
N 1 −0.0634 0.3245 −0.0391 0.0715 48.79 0.2944
K 1 0.3270 0.0024 0.0649 0.0128 76.78 0.1247
SW (seaweed) 1 0.1924 0.0212 0.0920 0.0030 126.76 0.0287
Quadratic
N2 1 −0.2325 0.0418 −0.0796 0.0253 −189.52 0.0272
K2 1 0.0185 0.8376 −0.0142 0.5989 23.19 0.7209
SW2 1 0.4891 0.0023 −0.0395 0.1783 81.24 0.2426
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Table 4. Cont.

Source df

Total Chlorophyll Carotenoids Shoot Dry Weight

Regression
Coefficient p-Value Regression

Coefficient p-Value Regression
Coefficient p-Value

Interaction
N * K 1 0.0465 0.5958 −0.0293 0.2813 −79.59 0.2347
N * SW 1 0.4486 0.0028 0.2150 0.0003 −112.93 0.1135
K * SW 1 0.5464 0.0012 0.1694 0.0009 309.59 0.0033
Lack of fit 3 0.1136 0.5409 0.8410
Pure error 2
R2 0.9699 0.9742 0.9223
Adequate
precision 16.59 18.63 10.54

CV (%) 9.70 7.35 12.31

Bold p-values indicate statistical significance (p < 0.05).

Table 5. Analysis of variance, regression coefficients, and adequacy criteria of the fitted models for
essential oil content and yield, thymol, γ-terpinene, p-cymene, and carvacrol.

Source df

Essential Oil
Content Essential Oil Yield Thymol γ-Terpinene p-Cymene Carvacrol

Regression
Coeffi-
cient

p-
Value

Regression
Coeffi-
cient

p-
Value

Regression
Coeffi-
cient

p-
Value

Regression
Coeffi-
cient

p-
Value

Regression
Coeffi-
cient

p-
Value

Regression
Coeffi-
cient

p-
Value

Model 9 0.0017 0.0079 0.0387 0.2990 0.9026 0.0089
Intercept 0.8600 8.56 47.32 18.91 14.04 6.73
Linear
N 1 −0.0450 0.0877 −0.1522 0.6162 1.88 0.0148 −1.48 0.0472 −0.4975 0.5257 1.27 0.0051
K 1 0.1500 0.0009 1.82 0.0014 0.0725 0.8938 0.4463 0.4653 −0.0212 0.9779 −0.7737 0.0349
SW
(Seaweed) 1 −0.1125 0.0032 −0.0524 0.8612 −0.6937 0.2368 0.3250 0.5900 0.4263 0.5845 −0.1512 0.5245
Quadratic
N2 1 −0.0675 0.0833 −1.66 0.0107 −0.2196 0.7842 0.7029 0.4365 1.11 0.3504 −2.02 0.0066
K2 1 0.0825 0.0461 0.6191 0.1999 −2.86 0.0131 0.1179 0.8928 −0.3717 0.7434 1.19 0.0280
SW2 1 −0.2025 0.0013 −1.69 0.0101 0.8604 0.3089 −0.3496 0.6916 −0.6217 0.5878 −1.20 0.0273
Interaction
N * K 1 −0.1000 0.0208 −1.57 0.0113 −2.80 0.0122 1.01 0.2608 0.5325 0.6279 1.11 0.0197
N * SW 1 −0.0600 0.1023 −1.33 0.0215 0.2325 0.7630 −0.8200 0.3517 −0.8575 0.4439 1.85 0.0047
K * SW 1 −0.2000 0.0012 0.2848 0.5113 −1.17 0.1685 1.50 0.1192 0.0550 0.9596 −0.5525 0.2065
Lack of fit 3 0.6797 0.4948 0.2941 0.7804 0.5595 0.7890
Pure error 2
R2 0.9753 0.9530 0.9070 0.7495 0.4052 0.9889
Adequate
Precision 16.92 11.22 9.08 3.90 2.23 17.95

CV (%) 7.91 11.35 3.17 8.34 14.63 8.69

Bold p-values indicate statistical significance (p < 0.05).

3.2. Photosynthetic Pigments

The influence of nitrogen on photosynthetic pigments followed a quadratic trend (Table 4).
The response of total chlorophyl and carotenoids content to increasing potassium level was
linear (Table 4). The interactions of nitrogen × seaweed extract and potassium × seaweed
extract were also significant (Table 4). The response surface plot of total chlorophyll as affected
by nitrogen fertilizer and seaweed extract indicated that the use of the highest level of seaweed
extract (6 L ha−1) boosted the chlorophyll content response to the increasing nitrogen application
rate. The highest amount of total chlorophyll was measured when 300 to 400 kg urea ha−1 and
6 L seaweed extract ha−1 were applied (Figure 1a).

The 3-D plot of potassium × seaweed extract interaction on total chlorophyll content
suggested that the application of potassium without using seaweed extract had no positive
effect on chlorophyll content, whereas increasing the rate of Flourish Sulfopotash from 0 to
12 kg ha−1 and application of the highest level of seaweed extract improved the chlorophyll
content with a steep slope, taking it to its peak value (Figure 1b).

The response of leaf carotenoids to nitrogen and seaweed extract showed that the
highest content of carotenoids was obtained with application of the highest levels of
nitrogen and seaweed extract (Figure 2a). Similarly, the interaction effect of potassium and
seaweed extract on carotenoids content indicated that when the highest rates of Flourish
Sulfopotash and seaweed extract were used, the amount of leaf carotenoids reached its
peak value (Figure 2b).
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Figure 1. Response surface plots showing the effects of N fertilizer and seaweed extract (a), and K
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fertilizer in (b) was kept constant at 6 and 200 kg ha−1, respectively.
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Figure 2. Response surface plots showing the effects of N fertilizer and seaweed extract (a), and
K fertilizer and seaweed extract (b) on the carotenoids content of thyme. K fertilizer in (a), and N
fertilizer in (b) was kept constant at 6 and 200 kg ha−1, respectively.

3.3. Shoot Dry Weight

Model analysis indicated that the response of shoot dry weight to nitrogen and sea-
weed application was quadratic and linear, respectively (Table 4). Flourish Sulfopotash
fertilizer (potassium) had no significant effect on biomass (Table 4). Among all possible
interactions of the nutrient sources, only the interactive effect of potassium and seaweed
on shoot dry weight was significant. The plot of the interaction effect of nitrogen and
seaweed extract on shoot dry weight followed a parabolic response and maximized when
200 kg ha−1 urea and 6 L ha−1 seaweed extract were used (Figure 3a).

The response surface plot of shoot dry weight versus potassium fertilizer and seaweed
extract indicated that the highest amount of dry matter can be attainained by applying the
highest levels of both potassium (12 kg ha−1) and seaweed extract (6 L ha−1) (Figure 3b).
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Figure 3. Response surface plots showing the interactive effects of N fertilizer and seaweed extract
(a), and K fertilizer and seaweed extract (b) on the shoot dry weight of thyme. K fertilizer in (a), and
N fertilizer in (b) was kept constant at 6 kg ha−1 and 200 kg ha−1, respectively.

3.4. Essential Oil Content and Essential Oil Yield

The response of essential oil content and essential oil yield to various fertilizer ap-
plications varied considerably. While the essential oil (EO) content of thyme was not
significantly affected by N application, the response of EO yield to N fertilizer rate was
quadratic (Table 5). Essential oil content and yield were both linearly increased by foliar
application of potassium fertilizer. In addition, a quadratic trend was detected in EO
content and yield versus seaweed foliar application.

The surface plot of thyme EO content versus nitrogen and potassium showed that the
maximum amount of EO (1.2%) was obtained when 100 kg ha−1 of urea and 12 kg ha−1 of
Flourish Sulfopotash were applied (Figure 4a). The surface plot of the interaction effect of
potassium and seaweed extract (Figure 4b) also revealed that the EO content reached its peak
value of 1.2% with application of the maximum level of potassium and about 1 to 2 L ha−1 of
seaweed extract.

Agronomy 2022, 12, x FOR PEER REVIEW 9 of 18 
 

 

The response surface and contour plot of EO yield as affected by interaction of nitro-
gen and seaweed extract (Figure 6) clearly followed a quadratic trend and reached its peak 
value when intermediate rates of N and seaweed extract were used. 

  
(a) (b) 

Figure 4. Response surface plots showing the interactive effects of N and K fertilizers (a), and K 
fertilizer and seaweed extract (b) on the essential oil content of thyme. Seaweed extract in (a), and 
N fertilizer in (b) was kept constant at 3 L ha−1 and 200 kg ha−1, respectively. 

 
 

(a) (b) 

Figure 5. Response surface (a), and contour plot (b) showing the interactive effects of N and K fer-
tilizers on the essential oil yield of thyme. Seaweed extract was kept constant at 3 L ha−1. 

 
 

(a) (b) 

0  
3  

6  
9  

12  

  0
  100

  200
  300

  400

0.2  

0.4  

0.6  

0.8  

1  

1.2  

1.4  

Es
se

nt
ial

 oi
l c

on
te

nt
 (%

)

N fertilizer (kg/ha)K fertilizer (kg/ha) 0  
1  

2  
3  

4  
5  

6  

  0
  3

  6
  9

  12

0.2  

0.4  

0.6  

0.8  

1  

1.2  

1.4  

Es
se

nt
ial

 oi
l c

on
te

nt
 (%

)

K fertilizer (kg/ha)Seaweed extract (L/ha)

0  
3  

6  
9  

12  

  0
  100

  200
  300

  400

2  

4  

6  

8  

10  

12  

Es
se

nt
ial

 oi
l y

iel
d 

(kg
/h

a)

N fertilizer (kg/ha)K fertilizer (kg/ha) 0 100 200 300 400

0

3

6

9

12 Essential oil yield (kg/ha)

N fertilizer (kg/ha)

K f
er

tili
ze

r (
kg

/h
a)

6

8

10

0  
1  

2  
3  

4  
5  

6  

  0
  100

  200
  300

  400

2  

4  

6  

8  

10  

12  

Es
se

nt
ial

 oi
l y

iel
d 

(kg
/h

a)

N fertilizer (kg/ha)Seaweed extract (L/ha) 0 100 200 300 400

0

1

2

3

4

5

6 Essential oil yield (kg/ha)

N fertilizer (kg/ha)

Se
aw

ee
d e

xtr
ac

t (
L/

ha
)

5

5

6

6

7

7

7

7

8

Figure 4. Response surface plots showing the interactive effects of N and K fertilizers (a), and K
fertilizer and seaweed extract (b) on the essential oil content of thyme. Seaweed extract in (a), and N
fertilizer in (b) was kept constant at 3 L ha−1 and 200 kg ha−1, respectively.

The response surface and contour plot of EO yield versus nitrogen and potassium
indicated that the response of EO yield to the increasing nitrogen and potassium application
rates was parabolic and linear, respectively (Figure 5). As Figure 5 demonstrates, the
maximum EO yield was obtained by application of 12 kg ha−1 of potassium and using only
100–200 kg ha−1 of urea, while keeping the seaweed extract at its average level of 3 L ha−1.
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Figure 5. Response surface (a), and contour plot (b) showing the interactive effects of N and K
fertilizers on the essential oil yield of thyme. Seaweed extract was kept constant at 3 L ha−1.

The response surface and contour plot of EO yield as affected by interaction of nitrogen
and seaweed extract (Figure 6) clearly followed a quadratic trend and reached its peak
value when intermediate rates of N and seaweed extract were used.
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Figure 6. Response surface (a), and contour plot (b) showing the interactive effects of N fertilizer and
seaweed extract on the essential oil yield of thyme. K fertilizer was kept constant at 6 kg ha−1.

3.5. Essential Oil Components

Using the GC-MS method, a variety of compounds were identified in the thyme
essential oil, of which the four compounds, including thymol, γ-terpinene, p-cymene,
and carvacrol were identified as major components. The values of major components
of essential oils and their retention index (RI) are presented in Table 6. With all treat-
ments averaged, thymol had the highest percentage in essential oil (46.13%), followed by
γ-terpinene (19.16%), p-cymene (14.10%), and carvacrol (5.60%) (Table 6). However, differ-
ent rates of fertilizers were needed to reach the highest amount of the individual essential
oil components. For example, while the maximum amount of thymol was extracted by
application of 400 kg urea ha−1 with 6 kg FSP ha−1, and no seaweed extract (Table 6), the
highest percentage of γ-terpinene (22.77%) as the second major essential oil compound
was extracted from samples taken from no N, no K, and an intermediate level of seaweed
(3 L ha−1) (Table 6).
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Table 6. The main compounds of thyme essential oil as affected by the experimental factors.

Levels of the Factors Compounds (%)

Nitrogen
(kg urea ha−1)

Potassium
(kg FSP ha−1)

Seaweed Extract
(L ha−1) Thymol γ-Terpinene p-Cymene Carvacrol

0 0 3 38.53 22.77 16.86 6.68
0 6 0 47.06 19.18 14.43 4.07
0 6 6 44.95 21.68 15.63 0.32
0 12 3 46.31 20.26 13.68 2.66

200 0 0 45.65 18.82 10.98 7.09
200 0 6 46.87 16.26 13.09 7.64
200 6 3 48.13 17.38 13.92 7.20
200 6 3 46.13 21.19 16.22 -
200 6 3 47.69 18.15 11.99 6.26
200 12 0 46.11 18.09 12.90 6.90
200 12 6 42.63 21.53 15.23 -
400 0 3 47.76 17.17 14.81 6.93
400 6 0 50.50 18.48 15.14 3.00
400 6 6 49.32 17.70 12.91 6.65
400 12 3 44.34 18.71 13.76 7.35

Mean 46.13 19.16 14.10 5.60
RI 1301 1070 1034 1307

FSP: Flourish Sulfopotash, RI: retention index.

Thymol content responded linearly and quadratic to N and K fertilizers, respectively,
as shown in Figure 7a.
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Figure 7. Response surface plots showing the effects of N and K fertilizers on the content of thymol (a),
and carvacrol (b). The seaweed extract was kept constant at 3 L ha−1.

Response plots of carvacrol, as an important component of the essential oil of thyme, to
the fertilizers are illustrated in Figures 7b and 8a,b. The response of carvacrol to N fertilizer
and seaweed application rates followed a quadratic trend and reached its peak value when
200–300 kg ha−1 of urea and 3–4 L ha−1 of seaweed were used (Figure 8a,b). Carvacrol
content response to the increasing application rate of potassium followed a downward
second-order mode (Figure 7b).
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Figure 8. Response surface (a), and contour plot (b) showing the effect of N fertilizer and seaweed
extract on the carvacrol content. The K fertilizer was kept constant at 6 kg ha−1.

The γ-terpinene, the second highest component in the thyme essential oil, followed a
negative linear trend (Table 5); however, the response model was not statistically significant.
The remarkable result was that the reaction of γ-terpinene to the increased application rate
of nitrogen was opposite to that of thymol.

3.6. Optimization

Optimization of fertilizer resources rates was carried out where several response
variables were simultaneously considered and the desirability function was used. As men-
tioned earlier, one of the objectives of the current study was to maximize the quantitative
and qualitative parameters of thyme, with an emphasis on improving the content and
total yield of thyme essential oil. The selection of plant responses for the optimization
operation was performed based on the significance of their models. Accordingly, the two
parameters of γ-terpinene and p-cymene values were not selected since their models were
not statistically significant. The optimization outputs are presented in Table 7. The results of
optimization suggested that under the conditions of the current experiment and the defined
objectives, the application of 162 kg ha−1 of urea, 12 kg ha−1 of Flourish Sulfopotash, and
4 L ha−1 of seaweed extract resulted in the production of 1247 kg ha−1 of biomass dry
matter and 11 kg ha−1 of essential oil (with a concentration of 1%) of thyme. Furthermore,
through optimization, the amount of thymol and carvacrol were estimated to be as much
as 44.2% and 6.2%, respectively (Table 7).

Table 7. The optimized levels of independent variables and the predicted values of thyme responses.

Variables Values

Independent variables (optimized levels) Nitrogen (kg urea ha−1) 162
Potassium (kg FSP ha−1) 12
Seaweed extract (L ha−1) 3.9

Response variables (predicted values) Total chlorophyll (mg g−1 FW) 2.127
Carotenodis (mg g−1 FW) 0.854
Shoot dry weight (kg ha−1) 1247
Essential oil content (%) 1.0
Essential oil yield (kg ha−1) 11.3
Thymol (%) 44.2
Carvacrol (%) 6.2

Desirability 0.725
FSP: Flourish Sulfopotash.
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4. Discussion

The positive influence of N application on elevating the chlorophyll and carotenoid
concentration in various medicinal and herbal plants has been reported [23,24]. The reports
often indicated that the response of photosynthetic pigments to the increased N application
rate was positive and maximized when the highest rates of N were applied. Photosynthetic
pigments play a key role in plant growth and productivity. In the current study, changes in
both chlorophyll and carotenoid content of thyme followed a quadratic response. In other
words, there is a limit to which thyme can respond positively to the increasing N fertilizer
application rate. Nitrogen supply often accelerates photosynthetic carbon assimilation
and has minimal or no influence on respiration [25]. Therefore, higher net assimilation
can be achieved through the application of more N fertilizer. In the current study, the dry
matter of the aerial part demonstrated a quadratic response. Therefore, the results clearly
indicate that factors other than photosynthetic pigments may have caused limitations in
the biomass production of thyme.

The enhancement effect of potassium on the photosynthetic pigments in the present
study can be attributed to the important roles potassium plays in many physiological pro-
cesses, including enzymatic activation [26]. An earlier report indicated that the application
of potassium fertilizer reduced the destruction of cell membranes and chlorophyll, and thus
played an important role in maintaining the molecular structure of the chlorophyll [26].
Results from the current study are in agreement with other reports regarding the beneficial
effects of potassium application on photosynthetic pigments [27–30]. The total chlorophyll
and carotenoids increased linearly with an increased foliar K application rate.

Due to the richness in free amino acids and organic and mineral substances of sea-
weed, application of seaweed extract can influence the synthesis of photosynthetic pig-
ments [31,32]. The increase in leaf chlorophyll content could be a result of decline in
chlorophyll degradation rate, which may be due to the presence of betaines in the composi-
tion of seaweed extract [12]. While the response of carotenoids to the increased seaweed
application rate was linear, the total chlorophyll response followed a quadratic trend.

The results of the current experiment indicated that the influence of N on photosyn-
thetic pigments was independent of K, however, both N and K demonstrated a positive
interaction with seaweed. The interactive effect of potassium and seaweed extract on
photosynthetic pigments suggested that when one of these two fertilizers was not used, the
effect of the other nutrient source was minimal. Simultaneous application of both fertilizers
resulted in a synergic influence on increasing photosynthetic pigments concentrations. The
highest contents of chlorophyll and carotenoids were measured when both potassium and
seaweed extract were applied at their highest levels, which again indicates the presence of
a synergistic influence between the two fertilizers in enhancing the synthesis of the photo-
synthetic pigments in thyme leaves. Emami Bistgani et al. [1] suggested that a mixture of
organic and synthetic fertilizers was an effective strategy for improving the photosynthetic
pigments and other constituents in thyme.

The response of shoot dry matter of thyme to the nitrogen application rate confirmed
the earlier report that the effect of nitrogen fertilizer on the fresh and dry weight of thyme
was quadratic, indicating that plant weight responds to N up to a certain level and then
becomes non-responsive to additional N application.

Similar to photosynthetic pigments, the simultaneous use of the highest levels of potas-
sium and seaweed extract resulted in the production of the maximum shoot dry weight per
unit area. Potassium improves root growth and facilitates water and nutrient absorption [33].
Additionally, potassium serves as a cofactor for a variety of enzymes that are involved in
respiration and photosynthesis, and improves stomatal conductance [34–36].

The application of seaweed extract as a biostimulant can stimulate plant growth through
various mechanisms. Earlier reports indicated that seaweed released nutrients and improved
their absorption, and thus beneficially affected plant metabolism [32,37–39]. The results of
the current experiment indicated that thyme responded positively to seaweed enrichment.
Photosynthetic pigments and shoot dry weight increased linearly with increasing seaweed
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application rate. The effect of seaweed on biomass yield was boosted when it was applied
along with an increased foliar potassium application rate.

The use of nitrogen fertilizer had no significant effect on the percentage of essential
oil (EO). Therefore, the quadratic response of essential oil yield due to the increased N
application rate was primarily due to an increase in thyme shoot dry weight. Results of
the current study as well as other reports [4,40,41] lead to the conclusion that the effect
of N fertilizer on the essential oil of many medicinal plants, including thyme, is minimal.
However, some reports indicated that the addition of N fertilizer may improve essential
oil in certain plants such as ginger [42], basil [5], and sage [43]. The contradictory reports
about the influence of nitrogen fertilizer on EO could be attributed to the plant species,
the soil organic level and availability of soil nitrogen to plants. Unlike N, both potassium
and seaweed improved essential oil content, possibly due to their enhancement effect on
photosynthetic pigments, which in turn ultimately increased the biosynthesis of secondary
metabolites and essential oils [28,44]. The stimulatory effect of potassium on increasing the
percentage of thyme EO and its main constituents, including thymol and p-cymene, was
reported [35].

The effect of seaweed extract on the EO concentration was quadratic, meaning that
an overdose of seaweed may have a negative influence on the percentage of EO in thyme
leaves. The decrease in the percentage of EO when using the highest level of seaweed
extract could be attributed to the increase in plant growth which resulted in a decrease in
the amount of EO per unit weight of the plant. In other words, with the consumption of
maximum amounts of seaweed extracts, vegetative growth continued faster than the rate
of EO synthesis and accumulation per unit weight.

The extract of seaweeds such as Ascophyllum nodosum contains various polysaccharides,
nutrients, hormones, betaines, and sterols [12]. Reports indicated that the presence of
carbohydrates in the composition of seaweed extract is associated with the synthesis of
plant secondary metabolites, including essential oils [45]. The beneficial effects of seaweed
extract on the enhancement of the EO content in thyme [46] and other medicinal plants have
been reported [47,48]. For example, treating rosemary with seaweed extract significantly
increased the essential oil concentration [48]. Similarly, the EO content in mint and basil
was enhanced by using Ascophyllum nodosum extract [45].

Thymol, γ-terpinene, p-cymene, and carvacrol were identified as the major compo-
nents of thyme essential oil, which is consistent with earlier reports [49–53]. Thymol
(2-isopropyl-5-methylphenol) and carvacrol (5-isopropyl-2-methylphenol) are two isomeric
monoterpenoid phenols that are biosynthesized through the aromatization of γ-terpinene
to p-cymene followed by the hydroxylation of p-cymene (Figure 9). The change in the
amount of essential oil compounds can be influenced by various factors, such as plant
genotype, climatic conditions, growth factors, and harvest time [54].

In the present experiment, the constituents of thyme essential oil responded differently
to application of the organic and synthetic fertilizers. The synthetic nitrogen increased
thymol linearly and reduced γ-terpinene, whereas the carvacrol’s response to nitrogen
was quadratic, and reduced when the highest rate of nitrogen was applied. The opposite
responses of thymol and γ-terpinene to nitrogen fertilizer in this study can be attributed to
the thymol biosynthetic pathway. Nitrogen may be effective in accelerating the enzyme
activities that are involved in the conversion of γ-terpinene and, as a result, increased
thymol accumulation. Increasing the application rate of nitrogen fertilizer in the Egyptian
oregano plant increased the percentage of thymol and carvacrol and decreased γ-terpinene
and p-cymene. Therefore, nitrogen seems to stimulate the biosynthesis of thymol and
carvacrol at the expense of γ-terpinene and p-cymene, since the latter two substances
are precursors of thymol and carvacrol. The activation of enzyme systems, therefore, is
involved in oxygenation through nitrogen fertilization [55].
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The initial increase in carvacrol by increasing nitrogen application from zero to about
300 kg could be due to the acceleration of the aforementioned biosynthetic pathway. Addi-
tionally, the application of high amounts of nitrogen can alter the biosynthesis pathway to
produce more thymol at the expense of carvacrol. This is due to the fact that the biosynthetic
pathway ultimately reaches two parallel pathways for the production of thymol and carvacrol.
Thus, an increase in one metabolite may result in a decrease in the other (Figure 9).

Application of potassium caused opposite changes in the amount of thymol and car-
vacrol, where the change in thymol content was in the form of a concave-down parabolic,
while carvacrol changed in a concave-up trend (Figure 7). Similarly, Kilic et al. [35] reported
that thymol content in thyme leaves reached its maximum rate with moderate doses of
potassium fertilization. Reports suggested that the availability of nutrients and edaphic con-
ditions can determine the amount of essential oil components by affecting their biosynthetic
pathways [56]. Different responses of thymol and carvacrol to potassium fertilization in the
present study may be related to the parallel and competitive pathways of their biosynthesis.
The response of large thyme (Thymus pulegioides) to nutrients application indicated that the
increase of sulfur in the soil was associated with an increase in the percentage of carvacrol
and linalool, and a decrease in p-cymene. In addition, an increase in soil manganese level
reduced the carvacrol content [57].

The enhancement effect of the seaweed extract on the amount of carvacrol in this
experiment could be related to the richness of the seaweed extract in amino acids, polysac-
charides, and hormonal substances, which may improve photosynthesis and increase
photo-assimilates [12,58]. However, the carvacrol concentration versus the seaweed extract
followed a parabolic trend, meaning that the seaweed rate higher than 4 L ha−1 had a
negative effect on the concentration of carvacrol. The decrease in carvacrol under the
maximum levels of seaweed can be explained through the positive linear effect of seaweed
extract on the shoot dry weight, leading to a decrease in carvacrol concentration per unit
weight of biomass.

Reverse changes in the amount of thymol and carvacrol have been observed under the
influence of various factors, including fertilizers and irrigation levels. In a study by Kara-
manos and Sotiropoulou [59] on marjoram, nitrogen fertilization had differential effects
on carvacrol and thymol concentrations. Bahreininejad et al. [60,61] and Ghasemi Pir-
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balouti et al. [62] examined the response of thyme species to drought stress and concluded
that moderate and severe drought stress increased thymol while decreasing carvacrol.

Optimization through the response surface methodology estimated optimum N at
162 kg urea ha−1, which is considerably lower than the current recommended rate. In
addition, the optimal amounts of Flourish Sulfopotash and seaweed were recommended
to be 12 kg ha−1 and 4 L ha−1, respectively. Optimization of fertilizer resources in other
crops [43] suggested that the optimal amount of nitrogen fertilizer to achieve maximum
biomass and essential oil yield can be lowered. For example, Mehrparvar et al. [63]
concluded that the current recommendations for nitrogen application rate need to be
revised as the optimization methods indicated that plants do not respond positively to the
application of nitrogen fertilization beyond an optimized rate.

The RSM optimization in our experiment suggested that, in regard to thyme, reducing
the consumption of synthetic nitrogen fertilizer and using natural-origin nutrient sources,
including seaweed extract, is a more financially sound and environmentally friendly alter-
native. Despite the appropriate use of the modeling technique and nutrient optimization in
this experiment, since the study was conducted only in one cropping season, the findings
should be considered somewhat preliminary, and it is recommended that the experiment
be repeated and also conducted in other locations.

5. Conclusions

The purpose of optimizing fertilizer resources in this study was to explore the pos-
sibility of reducing fertilizer application rates while maximizing the biomass of thyme
and reducing the risk of environmental pollution. Proposed modeling with the response
surface methodology (RSM) as an optimization technique indicated that the rate of all three
nutrient fertilizers, especially synthetic nitrogen, can be reduced well below the current
recommended rates without compromising the thyme’s biomass and essential oil yield.
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40. Baranauskienė, R.; Venskutonis, P.R.; Viškelis, P.; Dambrauskienė, E. Influence of nitrogen fertilizers on the yield and composition
of thyme (Thymus vulgaris). J. Agric. Food Chem. 2003, 51, 7751–7758. [CrossRef]

41. Arabaci, O.; Bayram, E. The effect of nitrogen fertilization and different plant densities on some agronomic and technologic
characteristic of Ocimum basilicum L. (Basil). J. Agron. 2004, 3, 255–262. [CrossRef]

42. Singh, M.; Khan, M.M.A.; Naeem, M. Effect of nitrogen on growth, nutrient assimilation, essential oil content, yield and quality
attributes in Zingiber officinale Rosc. J. Saudi Soc. Agric. Sci. 2016, 15, 171–178. [CrossRef]

43. Karimi, B.; Rokhzadi, A.; Rahimi, A.R. RSM modeling of nitrogen use efficiency, biomass and essential oil of Salvia officinalis L. as
affected by fertilization and plant density. J. Plant Nutr. 2021, 44, 1067–1084. [CrossRef]
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