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 Abstract
In this study, an attempt was made to assess the effect of sewage sludge amendment (0, 10, 20, and 
30 g/kg of soil) on dill plants (Anethum graveolens L.) cultivation using pot-scale experiments. The 
experiments were conducted under greenhouse conditions for 59 days and the effect of sewage sludge 
on soil properties as well as dill growth, productivity, and nine heavy metals (HMs) accumulation were 
studied. The results showed that out of the tested treatments, 10 g/kg sewage sludge application 
gave the best results in terms of maximum plant height (21.84 cm), number of leaves per plant (5.80), 
shoot biomass (0.23 g DM/plant), root biomass (0.09 g DM/plant), total biomass (0.31 g DM/plant), 
and absolute growth rate (0.006 g DM/day). Additionally, increased sewage sludge amendment 
significantly (p < 0.05) enhanced HM accumulation in dill roots and shoots, with the highest treatment 
rate (30 g/kg) consistently yielding the most pronounced effects across multiple HMs. Sewage sludge 
amendments reduced bioaccumulation factors (BAF) and translocation factors (TF) for Cd, Fe, Mn, Ni, 
and Zn in dill plants, indicating lower metal uptake and translocation to shoots with increased sludge 
treatment, while correlation analysis revealed that soil properties like organic matter and pH strongly 
influenced heavy metal bioavailability and accumulation. Overall, the present study provides insights 
into optimizing sewage sludge amendments for sustainable agriculture while mitigating the risks of 
HM contamination in dill crops.
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In the contemporary era of global food production, it is estimated that approximately 200 million tons of 
chemical fertilizers are applied to soils on an annual basis to maintain the requisite nutrient quality of soils1. 
As compared to the 1960s, fertilizer use has increased by 500% to feed the global population2,3. Moreover, 
with the global population expected to reach 9.7 billion by 2050, fertilizer demand is projected to increase by 
10–15% to maintain food security, particularly in developing nations4,5. Nitrogen-based fertilizers account for 
approximately 60% of the total global consumption of fertilizers, with phosphorus and potassium fertilizers 
accounting for the remaining proportion6,7. As per an efficiency gap study, it is reported that only 40–50% of 
fertilizers are consumed by plants while the rest is lost in the environment through the processes of leaching, 
runoff, and volatilization8. Also, an estimated 33% of the world’s arable land is degraded due to improper or 
overuse of fertilizers, leading to nutrient imbalances in the soil9. Since fertilizers play an important role in global 
food security, they are crucial for maintaining soil fertility10.

Sewage sludge, also known as biosolids, is a byproduct of the wastewater treatment process that is processed 
and treated to become a nutrient-rich material used as a biofertilizer11,12. Farmers have been using sewage sludge 
as a sustainable biofertilizer that supports the approach of a circular economy by recycling the waste generated by 
wastewater treatment plants into productive agricultural use13. Sewage sludge contains essential nutrients such 
as nitrogen, phosphorus, potassium, and microelements, which can help in maintaining soil fertility14. It is also 
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rich in organic matter which improves water retention, aeration, and microbial activities15. The incorporation of 
sewage sludge into soil has the potential to facilitate carbon sequestration, thereby contributing to the mitigation 
of climate change through the reduction of atmospheric carbon dioxide levels16,17. Sewage sludge has been 
commonly used as economic fertilizer for several crops such as wheat (Triticum aestivum L.)18, rice (Oryza sativa 
L.)19, tomato (Solanum lycopersicum L.)20, potato (S. tuberosum L.)21, eggplant (S. melongena L.)22, marigold 
(Tagetes erecta L.)23, luffa (Luffa acutangula (L.) Roxb)24, etc. However, there have been concerns regarding the 
accumulation of potentially toxic heavy metals in cultivated crops grown under the long-term application of 
sewage sludge25. For instance, sewage sludge application resulted in high levels of monitored heavy metals in 
guar (Cyamopsis tetragonoloba (L.) Taub.)26, T. aestivum27, maize (Zea mays L.)28, and spinach (Spinacia oleracea 
L.)29 plants. Therefore, it is necessary to properly control and regularly monitor the levels of these heavy metals 
in cultivated crops and their products30.

Dill (Anethum graveolens L.) is an annual herbaceous plant in the Apiaceae family, widely recognized for 
its culinary and medicinal uses31. Dill is native to southwestern Asia and the Mediterranean, but it is now 
recognized globally due to its aromatic flavor and therapeutic properties32. Dill plants are characterized by their 
slender stems, delicate feathery leaves, and umbels of small yellow flowers33,34. The plant reaches a height of 40–
60 cm and thrives in temperate climates with well-drained soils and full-day sunlight35. In culinary uses, both 
the leaves (commonly referred to as dill weed) and seeds are widely used36. The leaves impart a subtle, slightly 
sweet, and tangy flavor to dishes, making them a popular ingredient in salads, soups, fish dishes, and pickling37. 
Dill seeds, which have a more pungent flavor profile, are utilized as a spice in a multitude of culinary traditions, 
particularly in bread-making and as a seasoning for vegetables and meats38. Dill plants have a long history of use 
in traditional medicine beyond their culinary applications31. It is a rich source of essential oils, including carvone, 
limonene, and dillapiole, which contribute to its carminative, digestive, and anti-inflammatory properties33. Dill 
has a longstanding tradition of use in the treatment of digestive ailments, including indigestion, bloating, and 
flatulence39. Its seeds have also been employed as a mild diuretic and to promote lactation in nursing mothers40.

While sewage sludge has been studied as a soil amendment for various staple and horticultural crops (like 
wheat, rice, maize, and vegetables), its application and associated risks in aromatic herbs, particularly dill, remain 
underexplored. Given the widespread cultivation of dill plants across the Mediterranean, Middle Eastern, and 
South Asian regions due to their utility, this study proposes that applying sewage sludge at different levels will 
enhance soil fertility and improve dill plant productivity. To date, no research has explored the use of sewage 
sludge as an organic amendment in dill cultivation. Thus, this study aims to evaluate the impact of varying doses 
of sewage sludge on dill growth, productivity, and potential heavy metal accumulation. The findings contribute 
valuable insights into the safe and sustainable application of sewage sludge for dill production.

Material and methods
Plant materials, sewage sludge treatments, and experimental design
Verified dill seeds (ZORZI, HORTUS SEMENTI srl, Longiano, Italy) were procured from a local market in 
Abha City, Saudi Arabia. The soil utilized for the experiment in the cultivated field was a coarse sandy loam, 
specifically Typic Torriorthents as classified by the Soil Survey Staff41. This soil was collected from neighboring 
areas recently reclaimed, at a depth of 0–20 cm (with coordinates: Latitude: 18.2407, Longitude: 42.5709). The 
sewage sludge used in the study was obtained from the Abha City Municipal Wastewater Treatment Plant (with 
coordinates: Latitude: 18.2331, Longitude: 42.5212). Both the cultivated field soil and sewage sludge samples 
were air-dried for a period of two weeks, ground, and sieved through a 2  mm mesh. The experiment took 
place in the greenhouse of the Biology Department at King Khalid University. Prior to the main experiment, 
a preliminary experiment was conducted to determine the appropriate mixing ratio of sewage sludge with the 
cultivated field soil. The rates tested were 0 g/kg (as a control), 10, 20, and 30 g/kg. Each treatment consisted of 
nine (9 L) plastic pots, each filled with 4 kg of the specific treatment and 20 seeds. The experimental units were 
arranged in a completely randomized design. The plants were grown for a duration of 59 days, starting from 
December 18, 2022, in the greenhouse, following the natural day-night cycle. Irrigation was carried out using tap 
water as needed to maintain a water content of 40–50% in each pot. Manual weeding was conducted as required, 
and after 15 days, the plants were manually thinned to five plants per pot.

Plant morphology and biomass
The dill plants were harvested on February 14, 2023. A measuring tape was used to measure the heights of the 
shoots, and the number of leaves per plant was counted. All plant materials underwent a thorough washing 
process under running water, followed by rinsing with deionized water. The materials were then divided into 
roots and shoots. The partitioned plant materials were dried at 60 °C until they reached a constant weight, and 
their masses were recorded. Subsequently, the samples were ground using a plastic mill and stored for future 
analyses. The total biomass, which is the sum of shoot and root biomass, was calculated. The absolute relative 
growth rate (RGR) was determined according to the method described by Radford42:

	 RGR (g DM/ind./day) = (W2−W1) / (t2−t1)

where W1 and W2 represent the total biomasses (g DM/ind.) at times (days) t1 and t2, respectively.

Sample analysis
After the termination of experiments, soil samples were collected from each replicate. These samples were air-
dried for a period of 2 weeks, and then ground and sieved through a 2 mm mesh. The soil samples from all 
treatments, as well as the sewage sludge and cultivated field soil, were subjected to analysis to determine their 
OM contents using the loss-on-ignition method at 550  °C for 2  h43. Additionally, nitrogen (N) content was 
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analyzed using a CHN Elemental Analyzer (Yanako CHN Corder MT-5 and Auto Sampler MTA-3, Yanako 
Co., Ltd., Kyoto, Japan). The electrical conductivity (EC) and pH were measured in 1:5 soil–water extracts44. To 
determine the contents of phosphorus (P), potassium (K), and HMs, 0.5–1.0 g of each soil, SS, cultivated field 
soil, and plant sample (for HMs only) was digested using a tri-acid mix digestion method (HNO3:H2SO4:HClO4; 
5:1:1, v/v/v). A microwave sample preparation system (PerkinElmer Titan MPS, PerkinElmer Inc., USA) was 
used for the digestion process. Blank samples were included to ensure the accuracy and precision of the digestion 
procedure and subsequent analyses. The concentrations of nine HMs (cadmium: Cd, cobalt: Co, chromium: Cr, 
copper: Cu, iron: Fe, manganese: Mn, nickel: Ni, lead: Pb, and zinc: Zn) and K were determined using inductively 
coupled plasma optical emission spectrometry (ICP-OES) (Thermo Scientific iCAP 7000 Plus Series; Thermo 
Fisher Scientific, Massachusetts, USA) following the method described by Allen44. The detection limits for these 
elements (in µg/L) were as follows: 6.0 for Ni; 2.0 for Co, Cr, Cu; 1.0 for Fe, Pb, Zn; 0.3 for Mn; 0.1 for Cd; and 0.2 
for K. Phosphorus (P) content was determined using a spectrophotometer (CECIL CE 1021, Cecil Instruments 
Limited, Cambridge, UK) utilizing the ammonium-molybdate method. The instrument settings and operational 
conditions followed the manufacturer’s specifications, and standard solutions with known element contents were 
prepared to calibrate the system.

Quality assurance and quality control
To validate the accuracy of the HM determinations, a certified reference material (SRM 1573a, tomato leaves) 
was employed. This reference material underwent the same digestion and analysis methods as the dill samples. 
The HM digestions and measurements were conducted in triplicate. Accuracy was assessed by comparing the 
measured content with the certified value, and the outcome was expressed as a percentage. The recovery rates of 
HMs varied from 95.80 to 104.80%.

Data analyses
The bioaccumulation factor (BAF) is employed to assess the ability of dill plants to accumulate HMs in their 
roots, while the translocation factor (TF) is used to estimate the potential of dill plants to transfer HMs from the 
roots to the aerial shoot tissues. The calculations for BAF and TF were performed using following the method 
described by Eid and Shaltout45:

	
BAF = Heavy metal content in the root (mg/kg)

Heavy metal content in the soil (mg/kg)

while

	
TF = Heavy metal content in the shoot (mg/kg)

Heavy metal content in the root (mg/kg)

Before performing the analysis, the data were assessed for homogeneity of variance using Levene’s test and for 
normality of distribution using Shapiro–Wilk’s test. To assess the impact of different sewage sludge amendment 
rates on soil properties, dill growth (biomass and morphology), heavy metal (HM) accumulation in dill tissues, 
and the transfer of HMs from soil to plant (bioaccumulation and translocation factors), pairwise comparisons 
between each treatment and the control were conducted using Student’s t-test. Additionally, a Student’s t-test 
was applied to compare the chemical properties of cultivated field soil and sewage sludge. Pearson correlation 
coefficients (r) were calculated to assess the relationship between soil characteristics and HM contents in dill 
tissues (shoots and roots). For all statistical analyses, SPSS 23 software46 was employed.

Results and discussion
Properties of sewage sludge and soil used for dill cultivation
As shown in Table S1, the chemical properties of cultivated field soil and sewage sludge show significant 
differences. Specifically, the cultivated soil exhibits an alkaline pH (8.68 ± 0.02), while the sewage sludge has a 
slightly acidic pH (7.57 ± 0.01). EC of the sewage sludge is higher than that of the soil, which may affect plant 
nutrient uptake. Dill plants can be cultivated in a pH range of slightly acidic to neutral (5.5–7.5) however, a 
lower EC is preferred for better root development47. Moreover, OM is substantially higher in sewage sludge 
(68.80 ± 0.35%) compared to the field soil (0.91 ± 0.10%), indicating the high organic content. Also, N, K, and 
P contents are significantly high in both mediums, with sewage sludge having higher N but lower P levels 
compared to the soil. On the other hand, HM analysis shows that both samples fall within permissible limits for 
Cd, Co, Cr, Cu, Ni, Pb, and Zn as per The Council of the European Communities48, though some metals, such 
as Pb and Zn, are substantially higher in sewage sludge. Herein, the cultivated soil exceeds the normal limit for 
Cr and Fe concentrations as per Kabata-Pendias49. These results suggest that sewage sludge is nutrient-rich but 
contains higher metal concentrations, necessitating careful management in agricultural applications through 
controlled dose applications.

Figure 1 shows the effects of varying sewage sludge amendment rates (0, 10, 20, and 30 g/kg) on the chemical 
properties of soil after 59 days of dill cultivation. Statistically significant changes (p < 0.05) were observed in 
several soil parameters following the experiment. Soil EC increased while soil pH decreased proportionally with 
higher sludge application rates. However, N and OM remained largely unaffected, while P exhibited a consistent 
increase. HM concentrations in the soil also increased as the sewage sludge dosage increased. Therefore, in the 
present study, the soil properties are in line with those suggested by previous studies on dill cultivation47,50. 
Thus, a significant increase in soil EC and heavy metal concentrations with  increased sludge amendment rates 
suggests the necessity to adopt soil pollution management strategies. Additionally,  the increasing trend of soil P 
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levels indicates that sludge can increase the bioavailability of nutrients, which can lead to better dill productivity. 
However, the drop in soil pH with increasing sludge application rates is significant, and its implications for the 
availability of nutrients and plant health should be carefully monitored.

Fig. 1.  Selected chemical properties of soil at different sewage sludge amendment rates after harvesting dill 
plants (Anethum graveolens L.) that had been grown for 59 days (means ± standard error, n = 9). Student’s 
t-test comparisons were displayed on the graphs. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; ns: not 
significant (i.e., p > 0.05).
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Effect of sewage sludge on dill growth and productivity
Figure  2 shows the effects of different sewage sludge amendment rates on the selected morphometric and 
biomass parameters of dill plants. It was evident that the plant height of dill plants (21.84 cm) was significantly 
(p < 0.05) increased by 1.75-fold in 10 g/kg sewage sludge treatment as compared to control treatment. However, 
it was found non-significantly (p > 0.05) affected in further higher dose treatments. A similar trend was observed 

Fig. 2.  Effects of different sewage sludge amendment rates on the morphometric and biomass parameters of 
dill plants (Anethum graveolens L.) harvested after 59 days (means ± standard error, n = 45). Student’s t-test 
comparisons were displayed on the graphs. ****: p < 0.0001; ns: not significant (i.e., p > 0.05).
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for the number of plant leaves with maximum values observed in the 10 g/kg treatment i.e., 5.80 leaves per plant 
as compared to 3.85 in the control treatment. Similarly, shoot, root, and total biomass were also reported highest 
in 10 g/kg treatment i.e., 0.23, 0.09, and 0.31 g DM/plant, respectively. The same treatment showed the highest 
relative plant growth rate of 0.006 g DM/day depicting better survival of dill plants during its cultivation. In 
this study, sewage sludge application showed both positive and negative effects on the growth parameters of dill 
plants, depending on the application rate of the sludge. Sewage sludge being rich in NPK nutrients, which are 
vital for plant growth could have resulted in enhanced growth, better leaf development, and increased biomass 
in dill plants.

Previous reports have shown that sewage sludge adds OM to the soil, improving soil structure, water 
retention, and aeration. Increased OM enhances root growth and development, leading to a healthier plant with 
greater shoot and root biomass51. OM also stimulates soil microbial activity, which helps decompose organic 
compounds and makes nutrients more available to dill plants. However, excessive addition of sewage sludge 
could negatively affect soil health and structure sewage sludge often contains heavy metals like Cd, Pb, Hg, 
and Zn. When applied in excess, these metals can accumulate in the soil and be taken up by plants, leading to 
phytotoxicity52. In plants, this can result in stunted growth, leaf chlorosis, and reduced biomass due to inhibited 
enzyme activities and disrupted physiological processes53. Thus, the observed reduction in plant growth in the 
present study, in response to the addition of sewage sludge treatments over 10 g/kg, may be attributed to induced 
soil toxicity. Recent studies by Elsayed et al.54 reported maximum significant (p < 0.05) improvements in yield 
and biochemical constituents of dill when grown using chicken manure as an organic amendment. Another 
study by Zende Bad et al.55 studied the effects of cow manure and vermicompost in combination with chemical 
fertilizer on dill and found that yield was positively influenced in multiple cuttings. Similarly, Pirdashti et al.56 
found that municipal application of waste compost and Trichoderma spp. showed a significant increase in dill 
production and microelement uptake. Overall, the study indicates that a moderate sewage sludge amendment 
rate of 10 g/kg optimally enhances dill growth and productivity by improving nutrient availability and biomass 
accumulation. However, higher doses may induce soil toxicity due to heavy metal accumulation, emphasizing 
the need for controlled sludge application to ensure sustainable crop production.

Effect of sewage sludge on heavy metal contents in dill tissues
Figure 3 shows the effects of different amendment rates of sewage sludge on HM contents (mg/kg) in the roots 
of dill plants after 59  days of growth. The findings showed a significant increase in HM concentrations was 
observed with increased sludge amendment for most metals. Specifically, Cd (68.00  mg/kg), Co (11.69  mg/
kg), Cr (0.83 mg/kg), Cu (34.32 mg/kg), Fe (296.48 mg/kg), Mn (474.83 mg/kg), Pb (31.25 mg/kg), and Zn 
(224.27 mg/kg) showed maximum significant concentration at 30 g/kg sewage sludge (p < 0.05), while lower 
treatments did not show significant differences. In addition, Ni had a dose-dependent response to sewage sludge 
amendments (at 10 g/kg: 8.50 mg/kg, at 20 g/kg: 9.25 mg/kg, at 30 g/kg: 9.75 mg/kg). These patterns showed that 
higher amendment rates of sewage sludge more effectively increased metal uptake by dill roots. On the other 
hand, Fig. 4 depicts the impact of various sewage sludge amendment rates on HM concentrations in the shoots 
of dill plants after 59 days. In this case, Cd levels (9.33–11.00 mg/kg) in the shoots remained unaffected across 
0–30 g/kg sewage sludge treatments (p > 0.05). Also, Co concentrations increased significantly at 20 and 30 g/kg 
(p < 0.05) i.e., 12.33 and 12.48 mg/kg, respectively. Similarly, Cr content was highly significant at both 20 g/kg 
(2.46 mg/kg) and 30 g/kg (3.55 mg/kg), compared to the control (0.18 mg/kg). A similar pattern was observed 
for Cu levels which showed a sharp increase from 10 to 30 g/kg. Also, Fe, concentrations increased significantly 
at 20 to 30 g/kg (p < 0.05) with values of 125.68 and 149.44 mg/kg while Mn, Ni, Pb, and Zn exhibited substantial 
increases in content at 30 g/kg (p < 0.05), respectively. Overall, results indicated that increasing sewage sludge 
treatment enhances HM accumulation in dill plant roots, with the highest treatment (30  g/kg) consistently 
showing the most pronounced effects.

It is evident that OM can enhance HM bioavailability by improving soil structure and cation exchange 
capacity57 which facilitates the uptake of metals by plant roots. In this study, higher loading rates of sewage 
sludge resulted in higher concentrations of HMs in the soil, creating a dose-dependent relationship where plants 
absorb more metals with increasing sludge applications. It might be possible that Cd and Co have high mobility 
and affinity for OM which resulted in their maximum uptake by dill plants in higher treatments. Also, other 
HMs such as Cr, Ni, Cu, and Pb showed dose-dependent increases, suggesting that these HMs are available in 
soluble forms, which promotes their translocation to roots and shoots. However, certain HMs, such as Cd in 
the shoots, did not increase across sludge treatments, indicating possible selective metal uptake mechanisms 
within the plants or limitations in translocation from roots to shoots58. The differential heavy metal uptake 
and translocation in dill plants under varying sewage sludge treatments can be attributed to multiple pathways, 
including root surface adsorption, apoplastic and symplastic transport, and metal sequestration in vacuoles. These 
mechanisms are influenced by soil properties like pH and OM, affecting metal bioavailability and plant uptake57. 
Factors such as soil pH, OM content, and HM speciation significantly influence the mechanisms of metal uptake 
and translocation in plants. Lower pH enhances metal solubility, while higher OM can immobilize metals. These 
factors collectively affect metal bioavailability, root absorption efficiency, and subsequent translocation within 
plant tissues. Previous studies have shown that dill cultivation in Zn–Cu HM contaminated soil areas of Plovdiv, 
Bulgaria. They reported that dill plants significantly accumulated selected HMs such as Cd, Pb, Cu, Mn, and 
Zn in dill tissues59. Similarly, Zheljazkov and Warman60. also reported that the application of compost having 
high Cu levels for dill fertilization resulted in higher HM accumulation by dill and peppermint plants. A study 
by Caunii et al.61 also depicted that soil contamination with HMs resulted in their higher mobility in dill plants 
with maximum contents of Cu in both roots and shoot tissues. Thus, these studies also indicated that soil HM 
levels exert proportional effects on the uptake of these elements by dill plant tissues. The results showed that 
higher sewage sludge amendment rates, particularly 30 g/kg, significantly increased heavy metal accumulation 
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in dill roots and shoots. The dose-dependent uptake, especially for Cd, Co, Cr, and Cu, shows the critical need 
for controlled sludge application to minimize potential phytotoxicity and ensure safe crop production.

Bioaccumulation, translocation, and correlation studies
Figure 5 shows BAF trends for selected HMs in dill plants grown in sewage sludge-amended soil. The findings 
showed that significant increases in values of BAF were observed for Cd (1.79 to 8.69), Fe (0.04 to 0.11), Mn 
(0.80 to 2.52), and Zn (0.49 to 0.91) with increasing sewage sludge treatment, indicating elevated HM uptake 
by roots. Specifically, for Cd and Zn, this increment was highly significant (p < 0.05), while Ni showed a dose-

Fig. 3.  Effects of different amendment rates of sewage sludge on metal contents (mg/kg) in roots of dill 
plants (Anethum graveolens L.) that were harvested after 59 days (means ± standard error, n = 9). Student’s 
t-test comparisons were displayed on the graphs. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; ns: not 
significant (i.e., p > 0.05).
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dependent increase (p < 0.05). However, Co, Cu, Pb, and Cr showed no significant changes across treatments, 
suggesting sewage sludge had limited influence on their bioaccumulation. Similarly, Fig. 6 depicts that TFs had 
significant variations in the movement of HMs from roots to shoots in dill plants under different sewage sludge 
treatments. For Cd (1.02 to 0.16), Fe (1.41 to 0.50), Mn (1.07 to 0.66), and Zn (1.29 to 0.83), TFs significantly 
decreased with increased sludge application, indicating inhibited metal translocation to shoots at higher sludge 
rates. Herein, the reduction was highly significant for Cd, Fe, Mn, and Cr (p < 0.05). On the other hand, Co, Cu, 
Pb, and Ni exhibited non-significant or inconsistent responses to sludge treatments, showing variability in their 
mobility within the plant. On the other hand, Fig. 7 shows the Pearson correlation matrix (r-values) between 
HM concentrations in dill shoots and roots, and the corresponding levels in the soil-sludge mixture. Herein, 

Fig. 4.  Effects of different amendment rates of sewage sludge on metal contents (mg/kg) in shoots of dill 
plants (Anethum graveolens L.) that were harvested after 59 days (means ± standard error, n = 9). Student’s 
t-test comparisons were displayed on the graphs. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; ns: not 
significant (i.e., p > 0.05).
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strong positive correlations (r > 0.7) were observed between soil HM concentrations and their accumulation in 
both roots and shoots, indicating a direct relationship between soil contamination and plant uptake. However, 
some negative correlations such as pH with certain metals like Cd and Zn indicated a reduced bioavailability 
with higher soil pH. Thus, soil properties had a strong influence on HM bioaccumulation in plants, with OM 
and pH being significant parameters in metal mobility and uptake. In this study, a high sludge treatment (30 g/
kg) led to increased HM accumulation in plant tissues but decreased BAF and TF, which might be attributed to 
metal immobilization dynamics and physiological responses of dill plants. At higher sludge levels, although soil 
HM concentrations increased, several factors like high OM and changes in pH reduced metal bioavailability and 
mobility, thus decreasing TFs. Additionally, plants may activate defense mechanisms such as metal sequestration 

Fig. 5.  Bioaccumulation factors (BAFs), from soil to roots, of metals in dill plants (Anethum graveolens L.) 
grown in soil with different sewage sludge amendment rates (means ± standard error, n = 9). Student’s t-test 
comparisons were displayed on the graphs. *: p < 0.05; **: p < 0.01; ****: p < 0.0001; ns: not significant (i.e., 
p > 0.05).
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in root cell walls or vacuoles, limiting translocation to shoots. Hence, while total HM uptake in roots increased, 
the restricted mobility led to reduced BAF and TF values.

These results are in line with those reported by Caunii et al.61 on the effect of soil contamination on BAF 
of selected HMs in dill plants. They reported that Cu and Pb showed the highest BAF values of 13.5 and 
3.76, respectively. Jalali and Meyari62 also found that the TF of Cd and Pb was high in dill designating it as a 
hyperaccumulator plant cultivated in western Iran. Additionally, Alhogbi et al.63 recently reported that the TF 
of selected HMs (Pb, Ni, Zn, Fe, Cr, and Cu) in dill plants was significantly affected by the type of irrigation 
water, subsequently influencing HMs levels in the soil. Overall, sewage sludge treatments significantly reduced 
the bioaccumulation and translocation of HMs in dill, with soil properties like OM and pH further influencing 
HM mobility and uptake, consistent with previous studies. Thus, the results showed that while sewage sludge 
amendments enhance HM bioaccumulation in dill roots, they significantly inhibit translocation to shoots, 

Fig. 6.  Translocation factors (TFs), from roots to shoots, of metals in dill plants (Anethum graveolens L.) 
grown in soil with different sewage sludge amendment rates (means ± standard error, n = 9). Student’s t-test 
comparisons were displayed on the graphs. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; ns: not 
significant (i.e., p > 0.05).
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particularly for Cd, Fe, Mn, and Zn. Strong soil–plant correlations indicate the key role of soil properties, 
especially OM and pH, in governing metal mobility and plant uptake.

Conclusion
The objective of this study was to evaluate the influence of sewage sludge amendment on the growth, productivity, 
and HM accumulation in dill plants. The findings indicated that sewage sludge application resulted in a notable 
enhancement of soil nutrient contents, thereby promoting increased dill productivity. However, the application 

Fig. 7.  Pearson correlation coefficient (r-values, n = 36) between nine heavy metals in dill (Anethum graveolens 
L.) shoots and roots and their contents in the soil-sludge mixture.
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of sewage sludge above 10 g/kg was not found to be a viable option, as evidenced by the observed plant growth 
attributes. Additionally, the HM contents in dill tissues (roots and shoots) exhibited a consistent increase with 
the application of increasing doses of sewage sludge. The bioaccumulation, translocation, and correlation 
studies indicated that higher sewage sludge applications could potentially be toxic to dill plants, resulting in the 
accumulation of elevated levels of HMs in the plants, which may make them unsuitable for consumption. Further 
studies are recommended for understanding the mechanisms and uptake modeling of HMs by dill plants under 
sewage sludge treatment, while also characterizing the associated health risks. Also, further research should 
focus on developing strategies to mitigate heavy metal uptake in dill plants grown in sludge-amended soils while 
further investigating the environmental risks of the sludge application rate (10 g/kg and above). Additionally, 
exploring the potential use of dill in phytoremediation and assessing the long-term environmental impacts of 
sewage sludge application can provide a better understanding of sustainable agricultural practices.

Data availability
Data will be made available on reasonable request to the corresponding author.
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