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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs), 
which significantly contribute to environmental 
pollution, are widely distributed in air, water and 
soil. They are known for their harmful effects on 
ecosystems and public health (Berríos-Rolón, et 
al. 2025). Their toxic, mutagenic and carcinogen-
ic properties, coupled with their tendency to be 
accumulated in biological tissues, by rising sub-
stantial concerns about their long-term environ-
mental footprint (Dominguez and Pichtel, 2003; 
Srogi, 2007). PAHs impairs seed germination, 
disrupt nutrient uptake and plant metabolism, by 
causing oxidative stress and tissue necrosis, re-
ducing plant growth and yield (Mukome et al., 
2020; Haider et al., 2021). In a petroleum con-
taminated soil, PAHs such as phenanthrene, an-
thracene, fluorene and dibenzothiophene were 

detected from microbial degradation tests from 
1 g/L to 10 g/L per individual PAH compounds 
under controlled conditions (Kirk et al., 2005). 
Other studies reported that the soil contaminated 
with mixture of PAHs up to 10.57% by weight, 
has significantly exceeded ecological safety 
thresholds by impacting soil biota quality and 
growth (Tang et al., 2011). PAH presence in an 
agriculture soil near the oil refinery process in 
Patos Marinza, Albania, was found to be 4–90 
µg/ m3 (SEPA, 2025). One of the most hazardous 
forms of the PAHs in the environmental include 
residues from used engine oils (UEO), which 
contain hydrocarbons with carbon chains ranging 
from C15 to C50 and are composed of both aro-
matic and aliphatic compounds (Armioni et al., 
2024). It was found that UEO in concentration 
2 g/kg significantly decreased the seed germina-
tion for maize, mung bean, tomato and potato by 
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10–75% and also reduced the plant growth from 
33.2 to 66.7% (Ngozi et al., 2017). Also, PAH 
concentrations above 0.5% and contamination 
with compounds like anthracene or UEO, signifi-
cantly reduce seed germination in crops as rice, 
maize and wheat by up to 98% in some cases 
(Somtrakoon and Chouychai, 2013; Xie et al., 
2020). Previous studies have demonstrated that 
UEO contains complex mixtures of polycyclic 
aromatic hydrocarbons (PAHs), aliphatic hydro-
carbons, and trace heavy metals, which are re-
sponsible for phytotoxic effects in contaminated 
soils (Szyszlak-Bargłowicz et al., 2021; Armioni 
et al., 2024). In addition to hydrocarbons, UEO 
may also carry heavy metals, which contribute 
to increase their toxicity and environmental per-
sistence (Szyszlak-Bargłowicz et al., 2021). The 
combination of these components makes used 
motor oils a particularly dangerous form of PAH 
pollution, highlighting the urgent need for effec-
tive remediation strategies (Dominguez and Pich-
tel, 2003). Due to their low water solubility and 
high chemical stability, UEO accumulate in soils 
and sediments, posing long-term environmen-
tal risks and presenting substantial challenges to 
remedial tin efforts (Vázquez-Duhalt and Vélez, 
1989; Hajabbasi, 2016). UEO contamination has 
showed significant reduction of seed germination 
in crops such as: Z. mays L., P. vulgaris, S. lycper-
sium and S. saccharatum, where in higher con-
centration (2%) complete germination inhibition 
and severe stunting of seedling growth process 
were observed (Ezenwa et al., 2017). In the soils 
contaminated by UEO, essential plant nutrients 
such as nitrogen (N), phosphorus (P) and potas-
sium (K), are often adversely affected, including 
the decrease in P and K availability, disrupted N 
cycle and soil carbon content alteration, posing a 
significant risk for plant growth and soil health 
(Zaborowska and Rodzik, 2022). It was also re-
ported that the critical roles of C, H, N, P and K 
in plant responses are due to UEO contamination 
(Zhan et al., 2015). This nutrient is fundamental 
to plant metabolic system and their productivity, 
but these contaminants can lead to nutrient de-
ficiencies, compromised physiological function 
and impaired growth (Hafiz et al., 2022). The 
pressure on this nutrient directly correlates with 
the extent of plant inhibition, as it was observed in 
species like Lolium multiflorum L., which is com-
monly used in phytoremediation experiments due 
to its tolerance to adverse soil conditions and its 
ability to influence microbial activity (Hajabbasi, 

2016; Gawryluk and Krzyszczak, 2024). In light 
to the discussion above, this study was carried out 
to assess the seed germination and plant yield for 
Lolium multiflorum L., along with their interac-
tion with C, H, N, P and K content in plant under 
different level of UEO toxicity. The determina-
tion of the toxicity level that led to complete inhi-
bition of the plan growth and nutrient uptake was 
also another scope of this study. 

EXPERIMENT 

Experiment design

The topsoil (0–20 cm) for the experimental set-
up was collected from the garden of the Agricultural 
University of Tirana (AUT); then, it was air-dried, 
homogenized and prepared for contamination ex-
periments as well as seedling trials. Prior to the 
start of the experiments, the physical and chemical 
properties of soil were analyzed at the Agro-Envi-
ronment and Ecology Laboratory of AUT, using 
standardized analytical methods. The obtained data 
of the soil properties are presented in Table 1. 

The experiments were conducted under 
greenhouse conditions in a completely random-
ized block design in triplicate for each treatment. 
Five treatments were tested with varying concen-
trations of UEO: V1 (control, no UEO), V2 (1 g/
kg), V3 (5 g/kg), V4 (10 g/kg) and V5 (30 g/kg) 
as it is shown in Figure 1. 

The used engine oil was taken from a car ser-
vice after being collected from different cars. For 
better homogenization, UEO was first applied 
to an aliquot of 200 g of sieved air-dried soil (2 
mm mesh) in a 500 ml beaker containing 1500 g 
sieved, air-dried soil (5 mm mesh) and thoroughly 
mixed dried soil (2 mm mesh) in a 500 ml beaker 
and carefully mixed with a spatula. The treated 
portion was then transferred to a 2000 ml beaker 
containing 1500 g of sieved, air-dried soil (5 mm 
mesh) and thoroughly mixed. Finally, the homog-
enized soil sample was transferred to the plastic 
pot. In total, 15 experimental pots were used, 
each containing1700 g of soil in a volume pot 
of about 2500 cm3 with a diameter of upper area 
of 16 cm. The experimental pots were irrigated 
with distilled water and kept for 10 days prior to 
seedling, in order to activate soil microflora. Rye-
grass (Lolium multiflorum L., was used to assess 
the potential toxicity of UEO on seed germination 
and plant growth. A total of 100 seeds of Lolium 
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multiflorum L., were sown in each pot. To maintain 
a uniform nutrient availability, a balanced NPK 
fertilizer (20:20:20) was applied at a rate of 1.5 
g per pot before seedling. After seedling, the pots 
were irrigated to maintain 70% of water holding 
capacity (WHC) throughout the 76 days experi-
mental period, as determined by the gravimetric 
method based on Richards (1949). The seed ger-
mination process was observed weekly and data 
was recorded each week until 21 days were com-
pleted. Meanwhile, for the purpose of the study, 
two harvests were applied in all the treatments 
including the control (V1). The first harvest was 
performed 50 days and the second one 76 days 
after seedling. After each harvesting, plant bio-
mass yield for each treatment was weighed fresh, 
then dried in the thermostat at 60 °C and milled 
with IKA A 11 with 250 000 rpm, as required for 
chemical analysis with EPA 3050B method. For 
each harvest the following parameters were deter-
mined: Water content (%) with gravimetric meth-
od (sample dried at the thermostat at 60 °C), Total 
K and Total P by using AAS Flame spectrometry 

(Analytic Jena) and CHN (%) by using EuroVec-
tor Elemental Analyser. The data were processed 
using JMP 11 (SAS Institute, Cary, NC, USA). 
UEO treatments were compared through analysis 
of variance (ANOVA) and significant effects (p < 
0.05) were separated using the LSD post hoc test. 
The relationships among nutrient contents (C, H, 
N, P, K) and plant growth were estimated using 
Pearson correlation and multiple regression mod-
els in order to identify the most influential pre-
dictors. To reduce dimensionality and highlight 
interdependence among variables, multivariate 
patterns (MP) were also performed. JMP graphi-
cal tools (scatterplots, biplots, residual analysis) 
supported validation of model assumptions and 
improved interpretation of treatment effects.

Results and discussion

The effects of used engine oil (UEO) con-
tamination Lolium multiflorum L., were evalu-
ated in terms of germination, biomass yield and 
nutrient uptake.

Table 1. The soil physical and chemical properties before experiment setup

pH-water pH-salt Total – N
(mgkg-1) OM % W% Exchangable P

(mgkg-1)
Exchangable K

(mgkg-1)
Oil and grease

(mgkg-1)
CEC

(cmolckg-1) Texture (%)

Soil 5.82 5.72 780.5 1.36 1.42 18.5 41.44 0.82 0.89
Sand Clay Silt

67.04 7.61 25.36

Figure 1. Pots of experiment in the greenhouse before first harvest was performed
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Impact of UEO on seed germination 

After 21 days seedling of Lolium multiflorum, 
germination was complete for all experimental 
variants, and the results are presented in Figure 2. 
The control treatment (V1) showed a stable, linear 
increase in germinated seeds on 8th day (44 seeds) 
to 21st day (75.66 seeds), corresponding to a cumu-
lative germination of 76 % of the total seed number. 
In treatment V2, where the lowest UEO contamina-
tion was applied, reached 67 % of total germina-
tion, with seed numbers rising from 39.33 seeds in 
8th day to 67 seeds by 21st day. The highest level of 
UEO contamination (V5) showed the strongest in-
hibition, with only 24 germinated seeds in the first 
week and a final total of 71 seeds after three weeks, 
representing the lowest overall germination effi-
ciency. At day 21, although recovery was observed, 
control (V1) still maintained higher rates of germi-
nation, with V5 being most suppressed. 

Although slight differences are noticed among 
treatments, the statistical test in Table 2 shows 
consistent germination results at the end of the 
germination process. This confirms that even high 
contamination levels did not significantly affect the 
germination capacity of Lolium multiflorum, dem-
onstrating its strong tolerance to polluted environ-
ments (Tang et al., 2011; Azorji et al., 2021). These 
results are similar to the previous studies which 
showed that UEO has adverse effects on seed ger-
mination by interfering with soil aeration, oxygen 
and water transport (Odejegba and Sadiq, 2002). 

Impact of UEO on plant growth and development

The following results present the yield data 
obtained after two consecutive harvests conducted 
50 and 75 days after seedling. They also reflect the 
total cumulative yield obtained under different lev-
els of UEO contamination. Table 3 also presents 
the results of the test, one-way ANOVA revealed 
a significant effect between treatments (V1-V5) of 
UEO concentration on plant yield in the first cut, 
50 days after seedling, (F (4,10 degrees of free-
dom) =15.10, p = 0.0003). The control treatment 
(V1) showed the highest mean yield with 24.21 g, 
while the highest concentration of UEO contami-
nation (V5) drastically reduced yield to 5.45 g/pot. 
Meanwhile in treatment (V2, V3, V4) moderate 
yields (18.35–19.49 g/pot), which were signifi-
cantly higher than V5 but lower than the control 
were observed. Pairwise comparisons confirmed 
that V5 differed significantly from all other treat-
ments (p<0.001). These results suggest a dose-
dependent negative effect of UEO at higher levels, 
whereas low to moderate concentrations do not 
strongly impact yield. Maintaining UEO at ≤ 10 
g/kg appears optimal for sustaining plant produc-
tivity in this system (Ngozi et al., 2017). Similar 
findings have been reported, where elevated levels 
of alternative oils can manifest phytotoxic effects, 
reducing biomass production (Cheng et al., 2017; 
Scavo et. al., 2019). 

The pairwise comparison (Table 4) of plant 
yield across treatments with varying used engine 

Figure 2. UEO effect for each treatment [V1 (control), V2, V3, V4, V5] on germination rates
in successive counting on 8th, 15th, 21st day after planting
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oil (UEO) concentrations revealed a clear dose-
dependent response, with all comparisons. Treat-
ment V5 showed highly significant differences (p 
< 0.01) compared to lower treatment results (V1–
V4). In contrast, comparisons among the lower 
UEO levels exhibited no statistically significant 
differences (p > 0.05) in Table 4 and Figure 3, 
defining that plant productivity remains stable up 
to approximately 10 g/kg UEO contamination. 

These findings indicate a threshold effect beyond 
which UEO contamination becomes phytotoxic, 
likely due to the accumulation of polycyclic aro-
matic hydrocarbons (PAHs) and heavy metals 
that impair root respiration and nutrient uptake 
(Azorji et al., 2021; Tang et al., 2011). 

The obtained results in the second cut (Fig-
ure 4) (75 days after seedling) demonstrated that 
UEO concentration had a strong and statistically 

Table 2. Least-Squares means of germinated seeds per pot at 8, 15, and 21 days after sowing by treatment (V1–V5).

Treatments

Differences Student`s t about number of germinated seeds in three different period

Least Sq Mean + St Error

8 days after seedling 15 days after seedling 21 days after seedling

V1 44.00a 62.00a 75.66a

V2 39.33ab 53.66a 67.00a

V3 36.33ab 66.00a 74.66a

V4 36.33ab 63.33a 72.00a

V5 24.00b 57.66a 71.00a

Note: Letter groupings indicate significant differences between treatments within each time period.

Table 3. Mean plant yield (g) under different concentrations of used engine oil (UEO) on the first cut

Treatments UEO g/kg n Yield (Mean ± SD, g/pot) Grouping Lower 95% Upper 95%

V1 0 3 24.21 ± 1.591 a2 20.19 28.23

V2 1 3 18.35 ± 3.03 a 14.33 22.37

V3 5 3 19.49 ± 4.61 a 15.47 23.51

V4 10 3 19.01 ± 3.05 a 14.99 23.03

V5 30 3 5.46 ± 2.54 b 1.43 9.47

Source DF Sum of 
squares Mean square F Ratio Prob > F

UEO g/Kg 4 590.94 147.73 15.10 0.0003*

Note: 1Values represent mean ± standard deviation (SD), 2Different letters indicate significant differences among 
treatments according to Tukey’s HSD test at p < 0.05, marked with an asterisk (*).

Figure 3. One-way ANOVA means plot of plant yield (g/pot)
across different UEO (g/kg) concentrations in First Cut

Error bars represent standard errors of the mean
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significant effect on plant yield (F(4,10) = 99.75, 
p<0.0001) in the V5 treatment. The control (V1) 
and the lowest UEO concentration (V2) showed 
the highest yields (51.57 g/pot and 53.66 g/pot, 
respectively), with no significant difference be-
tween them. In treatment V3, the yield decreased 
to 43.92 g/pot, whereas in V4, a marked inhibi-
tion of plant growth was observed, resulting in a 
yield of only 26.80 g/pot (Table 5). The highest 
concentration (V5) resulted phytotoxic, by reduc-
ing the yield to only 5.60 g/pot. 

Pairwise comparisons in Table 6, confirmed 
that V5 differed significantly (p<0.0001) from 
all other treatments, while moderate differences 
were also observed between V1/V2 and V3/V4. 
These results highlight a clear dose-response re-
lationship, where low UEO doses maintain pro-
ductivity, but increasing concentrations strongly 
inhibit plant growth (Figure 4). Similar inhibitory 
effects of UEO at high concentrations on biomass 
productivity have been reported in prior studies 
(Cheng et al., 2017).

The obtained data on plant biomass yield for 
all treatments are presented in Table 7 and 8. Total 
biomass shoot part, demonstrated that UEO con-
centration had a strong and statistically significant 
effect on plant yield (F(4,10) = 99.75, p<0.0001). 
The control (V1) and the lowest concentration 
(V2) reveal the highest yields (75.79 g/pot and 
72.02 g/pot, respectively), with no significant dif-
ference between them. Moderate concentrations 
(V3) reduced yield to 63.42 g/pot, while higher 
levels in V4 showed plant inhibition to only 45.82 
g/pot. The highest concentration V5 was phyto-
toxic, reducing yield to only 11.06 g/pot.

Pairwise comparisons in Table 8 revealed that 
the treatment with the highest UEO concentration 
(V5) differed significantly from V1, V2, and V3 
(p = 0.0018, 0.0034, and 0.0139, respectively), 
while its difference from V4 was not statistically 
significant (p = 0.1709). No significant variations 
were found among the lower UEO levels (V1–
V4; p > 0.05). These results indicate that plant 
yield remains stable from V1 to V4 treatments, 

Table 4. Pairwise comparisons of plant yield between treatments on the first cut

Treatment’s comparison UEO g/kg UEO g/kg p-Value1

V1 V5 0 30 0.0002*

V3 V5 5 30 0.0019*

V4 V5 10 30 0.0025*

V2 V5 1 30 0.0035*

V1 V2 0 1 0.2231

V1 V4 0 10 0.3158

V1 V3 0 5 0.4001

V3 V2 5 1 0.9905

V4 V1 10 1 0.9989

V3 V4 5 10 0.9997

Note: 1p-values are based on Tukey’s HSD test; significant differences at p < 0.05 are marked with an asterisk (*).

Table 5. Mean plant yield (g) under different concentrations of UEO on the second cut 

Treatments UEO g/kg n Yield (Mean ± SD, g/pot) Grouping Lower 95% Upper 95%

V1 0 3 51.57 ± 3.351 a2 43.24 59.90

V2 1 3 53.66 ± 4.03 ab 43.64 63.68

V3 5 3 43.92 ± 3.50 b 35.20 52.64

V4 10 3 26.80 ± 4.51 c 15.59 38.01

V5 30 3 5.60 ± 0.95 d 3.24 7.96

Source DF Sum of 
squares Mean square F Ratio Prob > F

UEO g/Kg 4 4876.96 1219.24 99.75 <.0001*

Note: 1Values represent mean ± standard deviation (SD), 2Different letters indicate significant differences 	
among treatments according to Tukey’s HSD test at p < 0.05, marked with an asterisk (*).
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but in V5 the productivity declines, leading to a 
phytotoxic threshold. Comparable dose–response 
effects have been observed in earlier studies in-
volving organic extract toxicity on plant biomass 
(Scavo et al., 2019).

The decline from V1/V2 → V3 → V4 → V5 
was consistent with phytotoxic responses to UEO 
(Figure 5), where the increased level of hydrocar-
bons inhibited the plant yield by underlying the 
findings of the previous studies about toxicity in 

Table 6. Pairwise comparisons of plant yield between treatments on the second cut

Treatment’s comparison UEO g/kg UEO g/kg p-Value1

V2 V5 1 30 <.0001*
V1 V5 0 30 <.0001*
V3 V5 5 30 <.0001*
V2 V4 1 10 <.0001*
V1 V3 0 10 <.0001*
V3 V5 10 30 0.0002*
V2 V4 5 10 0.0010*
V2 V3 1 5 0.0414*
V1 V3 0 5 0.1278

V2 V1 1 0 0.9436

Note: 1 p-values are based on Tukey’s HSD test; significant differences at p < 0.05 are marked with an asterisk (*).

Figure 4. One-way ANOVA means plot of plant yield (g/pot) across different UEO (g/kg) concentrationin 
second cut. Error bars represent standard errors of the mean

Table 7. Mean plant yield (g) under different concentrations of used engine oil (UEO) on the total biomass shoot part

Treatments UEO g/kg n Yield 
(Sum ± SD, g/pot) Grouping

V1 0 6 75.79 ± 4.841 a2

V2 1 6 72.02 ± 7.03 a

V3 5 6 63.42 ± 6.30 a

V4 10 6 45.82 ± 7.34 ab

V5 30 6 11.06 ± 3.29 b

Source DF Sum of squares Mean square F Ratio Prob > F

UEO g/Kg 4 51882.97 2875.39 6.24 0.0013*

Note: 1Values represent mean ± standard deviation (SD), 2Different letters indicate significant differences 	
among treatments according to Tukey’s HSD test at p < 0.05, marked with an asterisk (*).
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cowpea and maize (Azorji et al., 2023; Gawryluk 
and Krzyszczak, 2024).

Impacts of UEO on plant nutrient uptake and 
elemental composition

The results obtained on elemental analysis 
of all treatments presented in Table 9 are ana-
lyzed on plant tissues further highlighted visible 
alterations in C, H, N, P and K concentrations, 
emphasizing the results of earlier studies that 
UEO has had a prohibitory behavior on nutrient 
cycling and soil fertility (Dominguez and Pich-
tel, 2003; Hajabbasi, 2016). To better understand 
the relationships between treatments a correlation 
analysis and multivariate patterns (MP) were con-
ducted by showing that phosphorus (P) and potas-
sium (K) were primarily determinant elements of 
productivity of the plants, under UEO stress. 

The nutrient composition in plant as it is shown 
in Table 9, varied significantly across treatments, 

reflecting the impact of UEO contamination on 
nutrient plant absorption and distribution. The ni-
trogen (N) levels were relatively stable in all the 
treatments, ranging from 8.81% (V4) to 9.60% 
(V5), though higher maximum was found in V3 
with 14.6% evidencing variability linked to differ-
ential root uptake under stress. The highest content 
of carbon (C) was found in V5 with 49.8% and the 
lowest in V4 43.0%, indicating some compensa-
tion in absorption processes where the contami-
nation was lower. The hydrogen (H) levels were 
consistent (4.96–5.88%), with the highest values 
in V5, indicating the partial maintenance of tissues 
hydration due to low water infiltration created on 
the soil with the high UEO concentration. The data 
obtained for potassium (K) showed high reduction 
in V5 with 2.04% compared to control V1 with 
2.50%, highlighting the UEO interaction in cation 
exchange and membrane transport. High sensitiv-
ity was observed also in the phosphorus (P) con-
tent on plant tissues with the lowest level found in 

Table 8. Pairwise comparisons of plant yield between treatments on the total biomass shoot part

Treatment’s comparison UEO g/kg UEO g/kg p-Value

V1 V5 0 30 0.0018*
V2 V5 1 30 0.0034*
V3 V5 5 30 0.0139*
V4 V5 10 30 0.1709

V1 V4 0 10 0.2938

V2 V4 1 10 0.4229

V3 V4 5 10 0.7645

V1 V3 0 5 0.9199

V2 V3 1 5 0.9776

V1 V2 0 1 0.9991

Note: 1p-values are based on Tukey’s HSD test; significant differences at p < 0.05 are marked with an asterisk (*).

Figure 5. One-way ANOVA means plot of plant yield (g/pot) across different UEO (g/kg) concentration
on the total biomass shoot part. Error bars represent standard errors of the mean
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V2 (0.15%) and highest in V5 (0.18%). These find-
ings were found also in other studies were UEO 
decreased the microbial activity by enhancing the 
mineralization process under anaerobic conditions 
(Kaimi et al., 2007; Razafimbelo et al., 2013; Car-
valho et al., 2015). The results confirm that UEO 
dose used in V5 has affected the nutrients absorp-
tion dynamics especially for K and P, both ele-
ments are critical for physiological processes. This 
decrease was due to blocking films crated on root 
system that reduces nutrient uptake and lower soil 
microbial activity (Ekpo et al., 2012; Odjegba and 
Bamgbose, 2012).

The relation between UEO content and C 
levels analyzed in plant tissues are shown in Fig-
ure 6. The findings evidenced a moderate but 
consistent correlation between yield (g/pot) and 
C content (%). The higher level of C was found 
in V3 with 61.9% meanwhile in V5 the content 
of C was 34.3%, related to yield reduction. This 
indicates that hydrocarbon stress reduces photo-
synthetic assimilation and carbohydrate accumu-
lation, especially at higher UEO doses. Similar 
findings were observed by Rusin et al., (2015), 
where oil pollution has reduced the chlorophyll 
and impaired carbon assimilation through oil film 

Table 9. The effect of UEOs on the content (%) of nitrogen (N), carbon (C), hydrogen (H), potassium (K) and 
phosphorus (P) in the biomass of Lolium multiflorum L.

Para-
meter

Treatments

V1 V2 V3 V4 V5

N (%) C (%) H (%) K (%) P (%) N (%) C (%) H (%) K (%) P (%) N (%) C (%) H (%) K (%) P (%) N (%) C (%) H (%) K (%) P (%) N (%) C (%) H (%) K (%) P (%)

Mean 8.93 45.38 5.37 2.50 0.16 8.60 42.20 5.01 2.70 0.15 9.26 44.05 5.45 2.78 0.14 8.81 42.96 4.96 2.91 0.17 9.60 49.76 5.88 2.04 0.18

Std 
Dev ±0.63 ±5.72 ±0.76 ±2.04 ±0.04 ±2.09 ±7.48 ±0.84 ±2.00 ±0.05 ±3.10 ±11.69 ±1.49 ±1.36 ±0.03 ±1.65 ±8.60 ±1.00 ±1.07 ±0.04 ±1.08 ±4.74 ±0.72 ±1.05 0.05

Max. 9.80 56.10 6.70 4.72 0.21 11.30 51.20 5.90 4.95 0.22 14.60 61.90 7.60 4.75 0.19 10.90 54.50 6.20 4.30 0.23 11.30 57.10 6.80 2.91 0.25

Min. 8.00 40.00 4.70 0.00 0.10 5.70 28.50 3.50 0.04 0.09 5.60 27.90 3.40 1.38 0.12 6.50 31.30 3.60 1.83 0.13 8.10 42.80 4.80 0.00 0.12

n 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

Figure 6. Relationship between plant tissue carbon (%) content and yield (g/pot) across treatments
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cover of root surface that inhibited light and gas 
exchange. Consistent with this, even though car-
bon itself is not a soil-limiting factor, UEO reduc-
es the ability of plant to assimilate and transport 
of C. Also, the highest contamination treatment 
(V5) showed both the highest carbon percentage 
(49.8%) and the lowest biomass production, in-
dicating that carbon accumulation did not corre-
spond to increased plant productivity. Similar re-
sponses have been reported in the plants exposed 
to petroleum derived pollutants, where stress 
induced metabolic changes alter carbon assimila-
tion and allocation (Rusin et al., 2015).

UEO showed a different effect between nitro-
gen (N) plant uptake concentration and yield ob-
tained in each treatment. The result of higher yield 
was obtained in V3 were the N (%) also was high-
er, while the lower N content with a correlation to 
yield decrease was found in V5 (Figure 7). This 
trend indicates that higher UEO concentrations 
may affect soil nitrogen mineralization process by 
inhibiting microbial activity, root nodulation and 
N uptake with direct impact on protein synthesis 
and plant growth Anoliefo and Vwioko (1995). 
Likewise, as it was observed for the C content, the 
N content uptake by plant followed the same de-
creasing trend, which implicates this element as a 
key limiting factor in hydrocarbon stress. 

The hydrogen data has not shown a strong cor-
relation with biomass yield (Figure 8). Further-
more, lower levels of the H content in biomass (V2 
second cut, 3.5%; V6, 3.6%) were related to lower 
yield, and higher H content (V5, 6.8%) to relative 
biomass increase. This is a suggestion that hydro-
carbon stress disrupts plant water balance and or-
ganic synthesis, both closely related to the hydro-
gen content. UEO pollution increases soil hydro-
phobicity and reduces water absorption, lowering 
relative water content and biomass hydration (Ano-
liefo and Vwioko, 1995). Thus, reduced H content 
reflects lower metabolic activity and turgor pressure 
in plants. Although not nearly as strong a predictor 
as N or P, H still reflects physiological stress, con-
firming that UEO suppresses biomass indirectly via 
impaired water uptake and hydrogen metabolism. 

Significant relationship between phosphorus 
(P %) in plant and plant yield (g/pot) across the 
treatment were observed in Figure 9. In the control 
(V1), this relation has strong positive correlation 
(R2 = 0.79 – 0.88) by indicating that higher P avail-
ability can increase biomass production. A similar, 
but weaker trend was observed in V2 and V4, by 
indicating partial nutrient efficiency despite low 
level of UEO used. In contrast, V3 and V5 showed 
weak correlation (R2 <0.10), reflecting the substan-
tial linkage between higher UEO contamination 

Figure 7. Relationship between plant tissue nitrogen (%) content and yield (g/pot) across treatments
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and P uptake by a plant. Thus, phosphorus status is 
the key yield determinant in hydrocarbon stress. In 
conclusion, this implies that between the elevated 
levels of UEO and the disruption of phosphorus 

uptake, assimilation has occurred due to impaired 
root activity and microbial P mineralization, ulti-
mately reducing the plant nutrient use efficiency 
and productivity (Ekpo et al., 2012).

Figure 8. Relationship between plant tissue hydrogen (%) content and yield (g/pot) across treatments

Figure 9. Relationship between plant tissue phosphorus (%) content and yield (g/pot) across treatments
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Potassium (K) also responded positively 
to yield, though less than phosphorus, as it is 
shown in Figure 10. In treatment V3, with 
higher dose of UEO, the content of K = 4.75%, 
was responsible for higher yield, while the op-
posite behavior between yield and K content as 
observed on the V5 treatment with just 2.36–
2.91% K uptake. The same trend like in P indi-
cate that UEO inhibits the uptake of potassium, 
by altering the soil cation exchange and degrad-
ing the root membranes as it was observed pre-
viously in okra (Odjegba and Bamgbose, 2012). 
UEO has suppressed the absorption of K, lead-
ing to poor stomatal control, enzyme activation 
and carbohydrate translocation. The present 
results further support the findings described 
by Odjegba and Bamgbose (2012). While the 
P content remains the limiting nutrient, the K 
content is pivotal to resistance to UEO stress, 
and therefore fertilization with K is crucial to 
correct UEO contamination.

Table 10 presents the findings about Linkeli-
hood-Ratio Chi-Square tests, beginning with ger-
mination responses, followed by nutrient-yield 
relationships and MP.

The MP likelihood-ratio test showed that 
variation in tissues metabolic elemental com-
position is tightly linked to yield under UEO 

stress. Phosphorus showed the strongest asso-
ciation (χ²= 25.72), followed by K and N, with 
C and H also being significant. This finding sug-
gests that P availability is a key limiting fac-
tor under UEO stress conditions, likely due to 
impaired root activity and reduced microbial 
mineralization processes in contaminated soils. 
Importantly, each nutrient displays a significant 
interaction with yield, suggesting that biomass 
reductions are not simple due to toxicity effects 
of UEO but it result from the disrupted nutri-
ent uptake mechanisms. Significant terms were 
found as follows: C% (χ²=8.98, p=0.0027), 
H% (6.94, p=0.0084), N% (9.49, p=0.0021), 
P% (25.72, p<0.0001), K% (14.59, p=0.0001) 
yield with Nutrient interaction were from C 
(46.18, p<0.0001) to N (4.16, p≤0.0316). This 
is consistent with the mechanisms where UEO 
reduces soil aeration and water flow, disrupt-
ing root physiology and rhizosphere microbiol-
ogy, thereby limiting P and K availability and 
affecting N cycle (Kayode et al., 2009; Moses 
et al., 2023). Therefore, the threshold identified 
in this study should be considered a prelimi-
nary indicator of phytotoxic risk rather than a 
universal field value. Nevertheless, the experi-
mental findings provide valuable insight into 
the dose-response relationship between UEO 

Figure 10. Relationship between plant tissue potassium (%) content and yield (g/pot) across treatments
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contamination and plant productivity, support-
ing previous research indicating that high con-
centrations of petroleum hydrocarbons can lead 
to severe inhibition of plant growth (Tang et al., 
2011; Haider et al., 2021).

CONCLUSIONS

This study demonstrated that the UEO, as a 
source of pollution has serious phytotoxic effect 
on Lolium multiflorum L., in which germination, 
plant growth and nutrient uptake were signifi-
cantly inhibited with the increase of its confron-
tation from 1 to 30 g/kg soil. A clear dose – re-
sponse effect was observed in the reduction of 
the seedling process, suppressed biomass yield 
and altered nutrient uptake, with higher level of 
UEO (30 g/kg soil). Reverse effect was obtained 
in low-level of UEO treatment, such as V2 with 
minimal metabolic effects and moderate in treat-
ments V3 and V4 with respectively 5 and 10 mg 
UEO/kg soil. Nutrient dynamics played a cru-
cial role in plant response. Phosphorus was the 
determinant nutrient of yield under the pressure 
of UEO, followed by potassium and nitrogen, by 
emphasizing that hydrocarbons induced nutrient 
imbalance with crucial role to growth inhibition. 
Carbon and hydrogen also showed a significant 
role through secondary associations with per-
formance corresponding to UEO disruption in 
photosynthesis and water relations. Multivariate 
Patterns results emphasize that UEO stress re-
distributes nutrient – yield relations, distinctive 
contaminated treatments from the control one. 

The findings of this study align with previous 
research result on the possibility that a site con-
taminated with UEO can lead to complete plant 
inhibition due to suppressed microbial activity 
and the decreases of metabolic nutrient avail-
ability responsible also for plan stress tolerance 
and enzymatic function. The main results on dual 
effect that UEO has shown in direct phytotoxic-
ity and indirect to nutrient imbalance makes this 
study effective to be continued in future were 
the special mechanisms of how plant continue 
to grow even with non-maximum yield under 
these polluted environmental conditions. The 
moderate tolerance observed though this study 
in Lolium multiflorum L. indicates its potential 
application in phytoremediation practices for the 
UEO-polluted soils. 
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