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Comparative Assessment of Carrot (Daucus carota L.) Yield and Heavy Metal Accumulation under Poultry Manure and NPK Fertilization in Mining and Non-Mining Areas of Ghana
[bookmark: _Toc143658755]
ABSTRACT
[bookmark: _Hlk219612452]One important vegetable crop that is commonly used in human meals is the carrot (Daucus carota L.). Mining operations and continuous use of excessive amounts of fertilizers containing metals are the main causes of heavy metal pollution in the soil. The objective of this research was to promote the sustainable production of healthy carrots in the semi-deciduous forest agroecological zone. The study was implemented concurrently at two locations, employing a Randomized Complete Block Design (RCBD) with three replications. Fertilizer treatments included NPK (15:15:15) at rates of 300, 350, and 400 kg ha⁻¹; poultry manure applied at 5, 15, and 20 t ha⁻¹; and an integrated treatment combining half the recommended rate of NPK (15:15:15) (300 kg ha⁻¹) with the rate of poultry manure (25 t ha⁻¹). Before the tests began, soil analysis was done. Both sites had soil that was below the WHO-recommended concentrations of all tested heavy metals at both sites. Significant treatment-related variations (p < 0.05) in growth and yield characteristics were recorded at both locations.  Heavy metal concentrations in carrot roots were below WHO threshold values, while poultry manure applied at 25 t ha⁻¹ significantly improved carrot growth and yield, recording 23.94 t ha⁻¹ and 21.09 t ha⁻¹   in Kumasi and Obuasi, respectively. In Kumasi, transfer factor values ranged from 0.0155–0.0606 for arsenic, 0.1012–0.2197 for mercury, 0.0155–0.0201 for lead, 0.0336–0.0532 for cadmium, and 0.1747–0.3093 for copper, while in Obuasi they ranged from 0.0141–0.0181 for arsenic, 0.0322–0.0750 for mercury, 0.0071–0.0122 for lead, 0.0082–0.0166 for cadmium, and 0.0582–0.0954 for copper. These are all well below the critical threshold value of unity (TF = 1).
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1. INTRODUCTION
The carrot (Daucus carota L.) is an economically important vegetable crop extensively utilized in human nutrition due to its high nutritional and therapeutic value and its role in disease prevention (Gallichio et al., 2008; Zhang et al., 2009; Arscott and Tanumihardjo, 2010). Botanically, carrot is a biennial plant that develops foliage and a storage root during the first year of growth. It is a member of the Apiaceae family and shares close taxonomic relationships with parsley, celery, parsnip, and cilantro. Although orange is the predominant root colour, carrots are also available in purple, black, red, white, and yellow forms (Atta Poku et al., 2014).
The appropriate type of fertilizers can help carrots grow effectively and provide a greater yield. A decent fertilizer can give carrot plants the nutrients they need to flourish; it is better to use one that is heavy in phosphate and potassium and low in nitrogen. To boost growth and productivity, most carrot growers use organic fertilizer as their main source of nutrients (Atta Poku et al., 2014). The use of NPK fertilizers has increased since they give plants three of the most important nutrients for healthy plant growth and yield.  It also functions well since it provides the minerals that plants require to absorb. Many Ghanaians consume a lot of carrots cultivated from organic and inorganic fertilizers. However, inorganic fertilizers are becoming more and more scarce. The high price of the inorganic fertilizers has made the farmers unable to afford them, therefore reducing the output of vegetable production in the country. Organic fertilizer (poultry manure), on the other hand, is more convenient, available and affordable and can be considered as an alternative.
The output of poultry manure has increased due to the rapid growth of the poultry business. Poultry manure is an organic by-product of poultry production consisting of chicken excreta and urine. Owing to its high nutrient content, particularly nitrogen (N), phosphorus (P), and potassium (K), it is widely used as an effective organic fertilizer (Hochmuth and Jones, 2009). It includes vital plant elements, making it a potential organic source of nutrition. Organic and inorganic fertilizers, when applied, increase crop growth and yield. Also, different kinds of heavy metals are transferred from the fertilizers during the process of making them.
[bookmark: _Hlk142295085][bookmark: _Hlk142295231]Although fertilizers are crucial in agriculture, they are frequently used improperly. The recommended fertilizer requires technical planning, which starts with representative soil sampling and is followed by chemical analysis to produce expert's advice. Many producers, however, do not follow this practice; instead, they frequently rely on pre-established advice without professional aid. When fertilizers are applied in significant quantities over an extended period of time, they have a tendency to concentrate certain elements or substances that are important to the ecosystem above and beyond the soil's naturally occurring constituents (Roberts, 2014). Increased bioavailability of hazardous elements, including heavy metals (Cd, Pb, Cr, and V) and rare earth elements in the soil is one of the major environmental issues caused by the use of fertilizers, especially phosphates (JIAO et al., 2012). According to DeLaune, P. and Moore, P. (2014), poultry manure (PM) application may contain trace levels of hazardous elements such as arsenic (As), copper (Cu), and zinc (Zn).
[bookmark: _Hlk142294029]According to Sherene (2010), elements possessing an atomic number above 20 or a density greater than 5 g/cm³ are classified as heavy metals. Due to their harmful impact on plants, animals, and people, they are frequently referred to as toxic elements (Nagajyoti et al 2010). Jomova. K. et al. (2024) state that mining is believed to be the primary cause of environmental heavy metal pollution. Contaminated acid mine drainage (AMD), which precipitates when exposed to water and can seriously harm the environment.
[bookmark: _Hlk136460012]One industry that generates a lot of pollutants that pollute soil is mining (ECZ, 2008). Soil pollution is caused by the high demand for copper, gold and other precious metals on the global market (ECZ, 2008). Also, the mining industry is one of the institutions that boost the desire for economic development in the majority of developing nations, such as Ghana (ECZ, 2008). Additionally, the more accessible mineral deposits get extracted, the more its toxicity. An increase in the production of waste also increases soil contamination. According to Norman et al. (2007), the main factor contributing to environmental issues in Ghana nowadays is the mining sector. However, mining activities pollute the soil and groundwater with heavy metals. Soil contamination caused by the mining sector led to food crops poisoning (Bempah, and Ewusi, 2016).
The use of wastewater has altered the physicochemical nature of the soil and the uptake of heavy metals by food crops, particularly vegetables. The pH of irrigation wastewater determines how the soil changes, and the soil pH greatly affects the absorption and movement (Tembo and Ceranak, 2006).  According to Shah et al. (2012), different vegetables grown at different locations have varied heavy metal contents. Kribeke et al. (2010), reported that both edible and inedible sections of plants accumulate heavy metals, although leafy vegetables accumulate more than fruit-bearing vegetables. Vegetables cultivated at environmentally polluted locations may absorb and accumulate metals at levels that are likely harmful to human health. According to the findings of the investigation conducted by Khan et al. (2008).
[bookmark: _Toc139202368][bookmark: _Toc143658808]Obuasi is one of the mining communities in the Ashanti region of Ghana. Additionally, the nearby communities are involved in a lot of illegal mining activities. These hazardous heavy metals, such as arsenic, mercury, and lead, have contaminated most farmlands, waterways, and the environment as a result of mining operations. Farmers around the area grow and harvest carrots for the market, and many people consume a lot of carrots grown in Obuasi. Consumption of contaminated carrots causes a variety of health issues. This study evaluated carrot growth and yield and examined differences in heavy metal contamination between carrots grown in Obuasi and Kumasi.

2. MATERIALS AND METHODS
2.1 Experimental Site and Design
The experiment was conducted simultaneously at two sites: the plantation area of the Department of Crops and Soil Sciences at KNUST, which is free from mining activities, and Obuasi, a mining-affected settlement. The Obuasi study was conducted in Kwameduakrom from October 15, 2022, to January 30, 2023. Obuasi is located in Ghana's semi-deciduous forest agro-ecological zone, 59.4 km from Kumasi along the Dunkwa road. The municipality is found in the southernmost part of the Ashanti region between latitudes 5.350 0N -5.65 0S and longitude 6.30 0W and 6.90 0E. The climate in Obuasi municipality is semi-equatorial with a periodic rainfall regime. Rainfall averages between 1250 and 1750 mm per year. The district has a bimodal rainfall pattern and relative humidity between 75% and 80% (Meteorological Service, 2022). Organic matter, clay aggregates and voids, quartz shards, and ferromagnesian oxides are all present in the "A" zone of soil and saprolite combination that makes up the Obuasi region's soil profile.
Research in Kumasi was carried out at the plantation facility of the Department of Crops and Soil Sciences, KNUST, between October 22, 2022, and February 5, 2023. The area is situated in latitude 060 41 °N and longitude 010 33 °W. The area has bimodal rainfall patterns and is located in a semi-deciduous forest zone. The major cropping season extends from April to July, while the minor season occurs between August and October (Meteorological Service, 2022). There were no extreme weather events that occurred during the experimental period, and site conditions reflected typical seasonal patterns for the Ashanti Region.

2.2 Land preparation and fertilizer application
[bookmark: _Hlk219579795]Experimental plots measuring 1.5 m × 1 m (1.5 m²) were manually cleared. Debris was removed prior to ploughing, after which hoes and rakes were used for harrowing, levelling, and marking the plots. A Randomized Complete Block Design (RCBD) with three replications and 10 distinct treatment rates was used for the experiment. Poultry manure was weighed, incorporated into the soil, and allowed to decompose for three weeks before sowing the carrot seeds. The experiment included the following treatments: NPK 15:15:15 applied at 300, 350, and 400 kg ha⁻¹; poultry manure (PM) at 15, 20, and 25 t ha⁻¹; and combined applications of 50% NPK 15:15:15 with 50% PM (i.e., ½ NPK 300 kg ha⁻¹ + ½ PM 25 t ha⁻¹ and ½ NPK 400 kg ha⁻¹ + ½ PM 15 t ha⁻¹). 
2.3 Planting and Cultural Practices
Carrots were sown using a plant spacing of 20 cm × 10 cm in drilled plots. The improved Kuroda variety was used, and plots were covered with palm fronds to moderate temperature and minimize moisture loss. Seven days after sowing, when the seedlings emerged, the palm fronds were removed. Irrigation was applied daily using a watering can to supplement rainfall. Seedlings were thinned 14 days after germination, and the designated plots received NPK 15:15:15 fertilizer as required. Weeding was performed manually, with hoes used as necessary to clear pathways between blocks and plots. Exposed roots were covered by earthing-up every two weeks. To prevent the occurrence of root rot, before sowing, the soil was treated with a topcoat fungicide containing mancozeb (ethylene bis-dithiocarbamate of manganese and zinc), applied as an 80% wettable powder (WP) at a rate of 2.0 kg ha⁻¹ to control soil-borne fungal pathogens.
2.4 Data Collection and Sampling
Data collected from each plot included plant height, canopy size, fresh and dry shoot weight, root length, root diameter, root weight, total yield, harvest index, and heavy metal concentrations in carrot roots. Plant height was measured from the soil surface to the tip of the longest leaf using a meter rule. The fresh shoots of the carrot plants from each plot were weighed, and their dry weight was calculated by oven-drying them to a constant weight at 70 oC. Using a tape measure, the canopy's widest spreading leaves from east to west and north to south were measured. At harvest, carrot root diameter was measured 2 cm from the crown using a Vernier calliper. Total fresh weights were determined with an electronic balance, and the yield from each plot was converted to tonnes per hectare. For heavy metal analysis, carrot samples from each plot at both locations (Obuasi and KNUST) were collected, placed in envelopes, and submitted to the KNUST Soil Science Laboratory for evaluation using an atomic absorption spectrophotometer (AAS). Additionally, the heavy metals' transfer factor was computed. 



2.4.1 Soil chemical properties
Composite soil samples were collected from the experimental fields at Kumasi and Obuasi before treatment application. At each site, soil samples were randomly collected from the 0–20 cm depth using a soil auger, thoroughly mixed to form composite samples, air-dried, and then sieved through a 2-mm mesh. The processed samples were analyzed for physicochemical properties and heavy metal concentrations. Soil pH was determined in a soil water suspension, while organic carbon was measured using the Walkley-Black wet oxidation method (Walkley & Black, 1934). Total nitrogen was determined by the Kjeldahl digestion method (Bremner & Mulvaney, 1982), and available phosphorus was extracted using the Bray-1 method (Bray & Kurtz, 1945). Exchangeable cations (K, Ca, and Mg) were extracted with ammonium acetate and quantified following standard procedures (Thomas, 1982). Heavy metals, including arsenic (As), mercury (Hg), lead (Pb), copper (Cu), and cadmium (Cd) were determined after acid digestion of soil samples using atomic absorption spectrophotometry in accordance with USEPA Method 3050B (USEPA, 1996).
2.5 Data Analysis
The collected data were analyzed using analysis of variance (ANOVA) with the lm function in R. Mean comparisons were performed using Tukey's Honest Significant Difference (HSD) test at a 95% confidence level (p ≤ 0.05).
3. RESULTS AND DISCUSSION
3.1 Soil Chemical Properties and Heavy Metal Concentrations
Soil chemical properties for Obuasi and KNUST (Kumasi) are presented in Table 1. Soils at both locations were slightly acidic, with pH values of 6.05 for Obuasi and 6.25 for KNUST, within the optimal range for nutrient availability and crop growth. Obuasi soil exhibited markedly higher fertility indicators, including total nitrogen (0.945%), organic carbon (14.67%), organic matter (3.456%), exchangeable potassium (1.578 cmol(+)/kg), and calcium (5.769 cmol(+)/kg), compared with KNUST soil, suggesting superior nutrient status and soil quality.  This result may be attributed to the more intensive and continuous cultivation at the KNUST experimental field compared with Obuasi. The available phosphorus levels were high and comparable at both sites, while exchangeable magnesium showed no variation. Heavy metal concentrations (As, Hg, Pb, Cd, and Cu) were consistently higher in Obuasi soil, with copper showing the greatest disparity (79.15 mg/kg in Obuasi versus 23.15 mg/kg in KNUST), likely reflecting differences in land-use history, anthropogenic activities and mining in the area. Overall, while Obuasi soil demonstrated higher fertility potential, the elevated heavy metal levels highlight possible environmental and food safety concerns relative to KNUST soil.
Table 1. Soil chemical properties of soils from Kumasi (KNUST) and Obuasi
	[bookmark: _Hlk147308900]Parameter
	Units
	Obuasi Soil
	KNUST Soil

	pH
	-
	6.05
	6.25

	Total Nitrogen (N)
	%
	0.945
	0.245

	Available Phosphorus (P)
	mg/kg
	55.67
	53.67

	Exchangeable Potassium (K)
	Cmol(+)/kg soil
	1.578
	0.423

	Exchangeable Calcium (Ca)
	Cmol(+)/kg soil
	5.769
	3.30

	Exchangeable Magnesium (Mg)
	Cmol(+)/kg soil
	1.50
	1.50

	Organic Carbon (OC)
	%
	2.01
	0.98

	Organic Matter (OM)
	%
	3.456
	1.690

	Arsenic (As)
	mg/kg
	1.874
	0.524

	Mercury (Hg)
	mg/kg
	1.096
	0.254

	Lead (Pb)
	mg/kg
	2.564
	0.743

	Cadmium (Cd)
	mg/kg
	0.941
	0.186

	Copper (Cu)
	mg/kg
	79.15
	23.15



3.2 Effect of treatments on carrot height in both Kumasi and Obuasi
The treatments used in Kumasi showed significant variations in plant height (p < 0.05). At every measurement point, the control consistently had the lowest plant height and differed greatly from the other treatments. Plots treated with 15 t ha-1 of poultry manure (PM) had the maximum plant height for 12 WAS, which differed substantially from the control (Table 2). Carrots grown with 15 t ha⁻¹ of poultry manure (PM) exhibited the greatest plant height, likely due to the adequate nutrient supply provided by the manure. These findings are consistent with previous reports (Agbede et al., 2017; Moniruzzaman, 2013).
Plant height at the various weeks after sowing (WAS) in Obuasi differed significantly (p < 0.05) among the applied treatments. The notable variations in plant height observed for the several treatments in Obuasi suggest that the treatments affected or enhanced the accumulation of dry matter, which in turn increased the height of the carrot plants. The continuous and adequate nutrient supply from poultry manure likely contributed to the greater plant height observed in Obuasi plots treated with 25 t ha⁻¹ of PM. This finding aligns with previous studies (Olaniyi et al., 2010; Moniruzzaman, 2013; Agbede et al., 2017).


[bookmark: _Hlk219093855]Table 2: Effect of treatments on carrot height in both Kumasi and Obuasi
	
	
	       Plant Height (cm)

	
	
	Kumasi                  Obuasi
	

	Treatments
	Soil Amendment
	12 WAS
	          12 WAS

	T1
	Control
	43.33 
	           43.35 

	T2
	NPK 15:15:15 (300 kg ha⁻¹)
	56.57 
	           55.79 

	T3
	NPK 15:15:15 (350 kg ha⁻¹)
	55.61 
	           56.74 

	T4
	NPK 15:15:15 (400 kg ha⁻¹)
	58.60 
	           57.38 

	T5
	PM 15 t ha⁻¹
	62.07 
	           58.32 

	T6
	PM 20 t ha⁻¹
	60.23 
	           59.79 

	T7
	PM 25 t ha⁻¹
	59.65 
	           60.04 

	T8
	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	55.25 
	           57.74 

	T9
	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	58.55 
	           58.67 

	T10
	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹  
	58.56 
	           60.09

	
	LSD (0.05)
	13.42
	           2.58

	
	CV %
	8.06
	           1.55


[bookmark: _Hlk164877536][bookmark: _Hlk219553297]T = Treatment, WAS = weeks after sowing. Values are presented as mean ± standard error (SE) 
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[bookmark: _Hlk147312760]3.3 Effect of treatments on Carrot canopy in both Kumasi and Obuasi
Significant differences (p < 0.05) were observed among the treatments in Kumasi with respect to plant canopy spread at various weeks (Table 3). In contrast to the control and other treatments, PM incorporated at rates of 20 tons/ha and 25 t ha⁻¹, respectively, recorded the greatest canopy spread at the 8 and 10 WAS. Additionally, at 12 WAS, the control showed the least amount of canopy spread compared to the other treatments. The substantial difference in plant canopy between the treatments and the control at 12 WAS shows that, in comparison to the control treatment, all treatments enhanced the carrot plants' canopy by providing sufficient nutrients to further boost growth. These findings are in agreement with previous studies (Ahmad et al., 2005; Poku Snr et al., 2020).
Significant variations (p < 0.05) for the different treatments applied were also seen in Obuasi's plant canopy at different weeks following seeding. The notable variations in the plant canopy between the treatments and the control treatment suggest that the treatments had an impact on the spread of the plant canopy. Once more, the continuous supply of nutrients required for growth may be responsible for the largest plant canopy seen in plots treated with 25 t ha⁻¹ PM. These findings are consistent with those reported by Frempong et al. (2006), Olaniyi et al. (2010), and Agbede et al. (2017).
Table 3: Effect of treatments on the carrot canopy in both Kumasi and Obuasi
	
	
	             Plant Canopy (cm)

	
	
	Kumasi                       Obuasi
	

	Treatments
	Soil Amendment
	12WAS
	                    12WAS

	T1
	Control
	40.04 
	                    41.74 

	T2
	NPK 15:15:15 (300 kg ha⁻¹)
	52.66 
	                    53.75 

	T3
	NPK 15:15:15 (350 kg ha⁻¹)
	52.57 
	                    55.49 

	T4
	NPK 15:15:15 (400 kg ha⁻¹)
	53.49 
	                    57.63 

	T5
	PM 15 t ha⁻¹
	52.95 
	                    58.32 

	T6
	PM 20 t ha⁻¹
	55.59 
	                    58.94 

	T7
	PM 25 t ha⁻¹
	55.33 
	                    59.44 

	T8
	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	56.05 
	                    57.08 

	T9
	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	55.07 
	                    58.49 

	T10
	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹
	56.78 
	                    58.69

	
	LSD (0.05)
	11.18
	                    4.45

	
	CV %
	7.2
	                    2.71


[bookmark: _Hlk219553354]T= treatment, WAS = weeks after sowing. Values are presented as mean ± standard error (SE) 

[bookmark: _Hlk147319411]3.4 Effect of treatments on fresh weight at both Kumasi and Obuasi
Fresh shoot weight of carrot plants in Kumasi differed significantly (p < 0.05) among the various treatments. Fresh shoot weight was highest and significantly different at 8, 10, and 12 WAS when PM was administered at a rate of 25 t ha⁻¹. This was significantly different from the control, as well as from plots treated with 15 t ha⁻¹ of poultry manure and 300 kg ha⁻¹ of NPK 15:15:15 (Table 4). Plots treated with 25 t ha⁻¹ of poultry manure had the noticeably greatest fresh shoot weight at 12 WAS. This could be because the carrot plants had a consistent and high supply of nutrients during their growth phase.
In Obuasi, carrot fresh shoot weight differed significantly (p < 0.05) among treatments at various weeks after sowing. Plots treated with 25 t ha⁻¹ PM in Obuasi consistently had the highest fresh shoot weight. This could be because the carrot plants received a consistent supply of nutrients during their growth phase, unlike those treated with inorganic fertilizers.
Table 4: Effect of treatments on fresh weight at both Kumasi and Obuasi
	
	
	Fresh Weight (g)


	
	
	Kumasi                         Obuasi

	

	Treatments
	Soil Amendment
	12 WAS
	                          12 WAS


	T1
	Control
	25.60 
	                            21.43 

	T2
	NPK 15:15:15 (300 kg ha⁻¹)
	28.47 
	                            25.83 

	T3
	NPK 15:15:15 (350 kg ha⁻¹)
	32.53 
	                            29.25 

	T4
	NPK 15:15:15 (400 kg ha⁻¹)
	37.47 
	                            30.50 

	T5
	PM 15 t ha⁻¹
	41.40 
	                            36.27 

	T6
	PM 20 t ha⁻¹
	47.43 
	                            41.70 

	T7
	PM 25 t ha⁻¹
	51.17 
	                            41.97 

	T8
	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	43.73 
	                            41.67 

	T9
	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	46.67 
	                            38.23 

	T10
	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹
	49.23 
	                            40.70

	
	LSD (0.05)
	3.17
	                            0.41

	
	CV %
	2.68
	                            0.40


T = treatment, WAS = weeks after sowing. Values are presented as mean ± standard error (SE) 








[bookmark: _Hlk147320453]3.5 Effect of treatments on dry shoot weight at both Kumasi and Obuasi
The dry biomass of carrot plants measured at various weeks after seeding in Kumasi differed significantly (p < 0.05) among the applied treatments. PM applied at a rate of 25 t ha⁻¹ recorded the highest dry weight (dry matter) during the course of the trial. A significant difference was observed when compared with the control treatment, NPK 15:15:15 at 400 kg ha⁻¹, and all integrated poultry manure and NPK fertilizer treatments (Table 5). The notable variations in dry shoot weight between the treatments suggest that these treatments have a major impact on dry matter partitioning or accumulation. Similar observations have been reported in previous studies, where organic amendments enhanced dry matter accumulation due to improved soil physical properties, increased microbial activity, and sustained nutrient release compared with sole inorganic fertilization (Adu-Gyamfi et al., 2019; Agegnehu et al., 2016). 
The dry shoot weight of carrot plants in Obuasi differed significantly (p < 0.05) among the applied treatments at the various weeks. The highest dry shoot weight at 8, 10, and 12 weeks after sowing was recorded under poultry manure application at 20 t ha⁻¹ (Table 5). Plots treated with 20 t ha⁻¹ PM in Obuasi consistently had the highest dry shoot weight; This may be attributed to the gradual and sustained release of nutrients during the crop growth period, in contrast to the rapid nutrient availability and potential losses associated with inorganic fertilizers (Mahmoud et al., 2021; Ravindran et al., 2017; Adenyo et al., 2024). 

Table 5. Effects of the applied treatments on dry shoot weight of carrot plants in Kumasi and Obuasi.
	

	
	                  Dry Weight (g)


	
	
	Kumasi                   Obuasi

	

	Treatments
	Soil Amendment
	12WAS
	          12 WAS 

	T1
	Control
	3.07 
	             2.33 

	T2
	NPK 15:15:15 (300 kg ha⁻¹)
	3.12 
	             3.30 

	T3
	NPK 15:15:15 (350 kg ha⁻¹)
	3.51 
	             3.75 

	T4
	NPK 15:15:15 (400 kg ha⁻¹)
	4.10 
	             4.07 

	T5
	PM 15 t ha⁻¹
	4.67 
	             4.93 

	T6
	PM 20 t ha⁻¹
	7.17 
	             7.03 

	T7
	PM 25 t ha⁻¹
	7.70 
	             6.23 

	T8
	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	5.03 
	             5.87 

	T9
	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	5.60 
	             5.07 

	T10
	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹
	5.63 
	             5.73

	
	LSD (0.05)
	1.34
	             0.1

	
	CV %
	9.25
	             0.72


T = treatment, WAS = weeks after sowing. Values are presented as mean ± standard error (SE) 



3.6 Effect of treatments on yield and root parameters of carrots at both Kumasi and Obuasi
The carrot root characteristics in Kumasi also revealed notable variations across the different treatments. Application of poultry manure at 25 t ha⁻¹ resulted in higher root length, root diameter, and root weight compared with other treatments. Significant differences between the treatments were also noted in Kumasi's carrot yield under the various treatments (p < 0.05). The highest values were recorded with NPK applied at 400 kg ha⁻¹ and poultry manure at 25 t ha⁻¹, and these differed significantly from the control treatment. The notable variations in carrot output between the treatments suggest that these treatments have a major impact on increasing carrot yield. Plots treated with 25 tons of poultry manure per hectare had the highest yield. This could be because, in addition to providing a steady supply of nutrients, poultry manure gave the carrot plants organic matter and a favorable rhizosphere environment, which may have increased the carrot plants' root yield. This result is consistent with (Agbede et al., 2017; Atijegbe et al., 2014 and Olaniyi et al., 2010).
Carrot root characteristics in Obuasi also exhibited significant variation among the applied treatments. Plots treated with poultry manure at 25 t ha⁻¹ produced the greatest root length, which differed significantly from the control and NPK 15:15:15 applied at 300 kg ha⁻¹. Similarly, the highest root weight was recorded under poultry manure application at 25 t ha⁻¹, and this was significantly higher than the control, the combined treatment of ½ NPK 15:15:15 (300 kg ha⁻¹) + ½ poultry manure (25 t ha⁻¹), and NPK 15:15:15 applied at 350 kg ha⁻¹ (Table 6). The study's treatments increased the carrot roots' properties, as seen by the significant variations between the treatments noted for the root qualities. The treatments' statistically comparable root weight and length suggest that they would enhance the carrot's characteristics and, as a result, raise or improve its yield more than the control. These findings are in agreement with previous studies (Agbede et al., 2017; Atijegbe et al., 2014; Mbatha, 2008). 



Table 6: Effect of treatments on yield and root parameters of carrots at both Kumasi and Obuasi
	
	
	Kumasi
	Obuasi



	
	
Treatments
	

Soil Amendment
	Root 
Length (cm)
	Root Diameter (cm)
	Root Weight per plant (g)
	Total yield 
(ton/ha)
	Root Length (cm)
	Root diameter (cm)
	Root Weight per plant (g)
	Total yield 
(ton/ha)

	T1
	Control
	11.18 
	2.21 
	60.51 
	11.15 
	10.85 
	2.49 
	55.16 
	9.93 

	T2
	NPK 15:15:15 (300 kg ha⁻¹)
	13.91 
	2.88 
	67.95 
	15.65 
	13.14 
	3.24 
	66.76 
	11.53 

	T3
	NPK 15:15:15 (350 kg ha⁻¹)
	14.32 
	3.19 
	73.62 
	18.93 
	14.33 
	3.31 
	70.57 
	13.60 

	T4
	NPK 15:15:15 (400 kg ha⁻¹)
	15.40 
	3.31 
	75.63 
	20.40 
	14.79 
	3.37 
	73.74 
	15.31 

	T5
	PM 15 t ha⁻¹
	14.93 
	3.45 
	78.75 
	21.71 
	15.50 
	3.42 
	76.96 
	17.16 

	T6
	PM 20 t ha⁻¹
	15.91 
	3.56 
	81.98 
	23.29 
	14.82 
	3.47 
	80.16 
	19.11 

	T7
	PM 25 t ha⁻¹
	16.69 
	3.70 
	82.61 
	23.94
	16.12 
	3.56 
	84.48 
	21.09

	T8
	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	15.18 
	3.17 
	74.41 
	17.00 
	14.19 
	3.19 
	67.27
	13.20 

	T9
	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	16.32
	3.05 
	74.31 
	18.18 
	16.07 
	3.46 
	80.25 
	15.51 

	T10
	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹
	16.41 
	3.53 
	82.71 
	20.84
	15.33 
	3.47 
	83.10 
	18.60 

	
	LSD (0.05)
	2.17
	0.33
	6.55
	2.92
	1.97
	0.58
	13.35
	3.35

	
	CV %
	4.92
	3.51
	2.97
	5.22
	4.65
	6.02
	6.18
	7.37


Values are presented as mean ± standard error (SE) 
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According to World Health Organization Regulations, (2024), a particular threshold of heavy metal accumulation is advised for both soil and vegetables (Table 7). Comparing the permissible threshold of the heavy metals in the carrots from both locations indicated that they were all below the threshold. 

Table 7 Permissible limits of heavy metals in both soil and vegetables
	Heavy metal
	Soil (mg/kg)
	Vegetables (mg/kg)

	Copper
	100 
	30

	Lead 
	85
	0.3

	Cadmium
	0.8
	0.2

	Zinc
	300
	100

	Mercury
	0.3
	0.3

	Arsenic
	1.0
	0.1

	Nickel
	75-150
	0.5

	Cobalt
	0.1-5
	0.01



3.8 Concentration of heavy metals present in carrot roots in both Kumasi and Obuasi
At Kumasi the harvested carrot roots recorded various degrees of significant variation (p < 0.05) for all the heavy metals measured except for cadmium and copper (p > 0.05). Plots treated with 20 tons of poultry manure per hectare had the highest quantity of arsenic, which differed considerably from the control plots Carrot roots from plots treated with NPK 15:15:15 at 300 kg ha⁻¹ exhibited the highest mercury concentrations, which were significantly greater than those of the control and all other treatments, except for plots receiving 15 t ha⁻¹ PM. Similarly, the highest lead content was observed in plots treated with a combination of ½ NPK 15:15:15 (350 kg ha⁻¹) and ½ PM (20 t ha⁻¹), whereas the control plots recorded the lowest significant value (Tables 8 and 9). The substantial variations between the treatments for the concentration of heavy metals in carrots suggest that the treatments had an impact on the concentrations of heavy metals in the carrot roots. The observed values were lower than the WHO permissible limits for vegetables, suggesting that root heavy metal levels do not pose a health risk.
Significant differences (p < 0.05) were observed in the levels of mercury and arsenic in carrot roots across the various treatments at Obuasi. Arsenic concentration was highest in plots receiving 20 t ha⁻¹ poultry manure, significantly exceeding that in plots treated with 15 t ha⁻¹ poultry manure, but not differing statistically from the control or the NPK 15:15:15 treatment at 400 kg ha⁻¹. The highest mercury levels were recorded in plots receiving 15 t ha⁻¹ PM, significantly exceeding the control, 25 t ha⁻¹ PM, and all poultry manure–NPK combinations, while remaining comparable to NPK 15:15:15 applied at 400 kg ha⁻¹ (Tables 8 and 9). The notable variations between the treatments for mercury and arsenic metals in carrots picked in Obuasi suggest that the treatments had an impact on the heavy metal concentrations in the carrot roots. Nevertheless, the amounts were below the WHO threshold levels, suggesting that the concentrations in the roots are not hazardous. Compared to carrots in Kumasi, Obuasi carrots have greater concentrations of all heavy metals in their roots. 
Relative to the control treatments in both locations, the concentration of Arsenic in the highest treatment was 44.54% higher in Kumasi compared to that in Obuasi (10.75%). Mercury concentrations in Obuasi and Kumasi were 132.86% and 94.44%, respectively, greater than the control. This suggests that the bulk (>50%) of the heavy metal concentration did not originate from the soil and that the earth's heavy metal contents may not be mobile enough to be found in the plants. The results of Szabó and Czellér's research (2009) support this result.




Table 8: Concentration of heavy metals in carrot roots at Kumasi 
	
Treatments
	
Soil Amendment
	Arsenic
(mg/kg)
	Mercury
(mg/kg)
	Lead
(mg/kg)
	Cadmium
(mg/kg)
	Copper
(mg/kg)

	T1
	Control
	0.0220±0.00e
	0.0287±0.00b
	0.0115±0.00c
	0.0063±0.00a
	4.0450±1.31a

	T2
	[bookmark: _Hlk144017090]NPK 15:15:15 (300 kg ha⁻¹)
	0.0239±0.00de
	0.0298±0.00b
	0.0125±0.00bc
	0.0079±0.00a
	5.8850±0.15a

	T3
	NPK 15:15:15 (350 kg ha⁻¹)
	0.0269±0.01abcde
	0.0338±0.00b
	0.0133±0.00abc
	0.0093±0.00a
	5.9450±1.17a

	T4
	NPK 15:15:15 (400 kg ha⁻¹)
	0.0313±0.00ab
	0.0558±0.02a
	0.0139±0.00ab
	0.0081±0.00a
	6.2300±0.00a

	T5
	PM 15 t ha⁻¹
	0.0258±0.01cde
	0.0393±0.01ab
	0.0128±0.00bc
	0.0091±0.00a
	7.1600±0.24a

	T6
	PM 20 t ha⁻¹
	0.0318±0.01a
	0.0268±0.01b
	0.0149±0.00a
	0.0099±0.00a
	5.0450±0.09a

	T7
	PM 25 t ha⁻¹
	0.0283±0.01abcd
	0.0360±0.01b
	0.0134±.00abc
	0.0083±0.00a
	4.6700±0.64a

	T8
	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	0.0310±0.01abc
	0.0284±0.01b
	0.0126±0.00bc
	0.0077±0.00a
	4.5500±0.45a

	T9
	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	0.0262±0.01bcde
	0.0314±0.01b
	0.0150±0.00a
	0.0077±0.00a
	4.6650±1.56a

	T10
	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹
	0.0296±0.00abc
	0.0257±0.01b
	0.0141±0.00ab
	0.0094±0.00a
	4.6650±0.30a

	
	LSD (0.05)
	0.005
	0.019
	0.002
	0.004
	3.279

	
	CV %
	8.73
	14.31
	3.62
	13.03
	15.29


Values are presented as mean ± standard error (SE) 
Table 9: Concentration of Heavy Metals in carrot roots at Obuasi
	
Treatments
	
Soil Amendment
	Arsenic
(mg/kg)
	Mercury
(mg/kg)
	Lead
(mg/kg)
	Cadmium
(mg/kg)
	Copper
(mg/kg)

	T1
	Control
	0.0307±0.00ab
	0.0353±0.01b
	0.0182±0.00a
	0.0078±0.01a
	4.9950±1.08a

	T2
	NPK 15:15:15 (300 kg ha⁻¹)
	0.0334±0.00a
	0.0383±0.00b
	0.0210±0.01a
	0.0133±0.00a
	6.0550±0.11a

	T3
	NPK 15:15:15 (350 kg ha⁻¹)
	0.0321±0.00a
	0.0808±0.01a
	0.0242±0.01a
	0.0123±0.00a
	7.2700±0.78a

	T4
	NPK 15:15:15 (400 kg ha⁻¹)
	0.0335±0.00a
	0.0799±0.01a
	0.0243±0.01a
	0.0124±0.00a
	7.4700±0.49a

	T5
	PM 15 t ha⁻¹
	0.0265±0.00b
	0.0822±0.01a
	0.0233±0.01a
	0.0140±0.00a
	7.5500±0.61a

	T6
	PM 20 t ha⁻¹
	0.0340±0.00a
	0.0488±0.01b
	0.0270±0.01a
	0.0148±0.00a
	6.3000±0.45a

	T7
	PM 25 t ha⁻¹
	0.0316±0.00ab
	0.0433±0.00b
	0.0279±0.02a
	0.0124±0.00a
	6.1900±2.90a

	T8
	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	0.0309±0.00ab
	0.0436±0.00b
	0.0314±0.02a
	0.0141±0.00a
	5.0500±0.10a

	T9
	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	0.0297±0.00ab
	0.0435±0.00b
	0.0266±0.01a
	0.0156±0.00a
	5.9750±1.07a

	T10
	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹
	0.0317±0.00ab
	0.0451±0.00b
	0.0274±0.01a
	0.0136±0.00a
	4.6100±0.41a

	
	LSD (0.05)
	0.006
	0.024
	0.023
	0.012
	4.36

	
	CV %
	4.43
	10.79
	22.89
	22.58
	17.48


Values are presented as mean ± standard error (SE) 

3.9 Transfer factor for heavy metals under various treatments in both Kumasi and Obuasi
Although the transfer factor for the various heavy metals in both locations (i.e Obuasi and Kumasi) was below one (T.F < 1) under all treatments, the transfer factor for copper was higher than all other heavy metals in both locations (Table 10 and Table 11). The transfer factor is commonly used to evaluate the potential human health risks associated with metal exposure from soils (Singh et al., 2010). Plants' capacity to move metals from the soil into their tissue is determined by the transfer factor. All of the heavy metals in this study have low transfer factors (<1), which means that even while their concentrations are high in the soil, they are not toxic enough in plant tissues to cause any negative effects when ingested. These findings of low transfer factors align with Jolly et al. (2013) but differ from the observations of Ibeto et al. (2019) and Nahar and Shahadat (2021). 
Table 10: Transfer factor for heavy metals under various treatments in Kumasi
	Treatments
	Arsenic
	Mercury
	Lead
	Cadmium
	Copper

	Control
	0.0419
	0.1128
	0.0155
	0.0336
	0.1747

	NPK 15:15:15 (300 kg ha⁻¹)
	0.0456
	0.1173
	0.0168
	0.0425
	0.2542

	NPK 15:15:15 (350 kg ha⁻¹)
	0.0512
	0.1329
	0.0178
	0.0497
	0.2568

	NPK 15:15:15 (400 kg ha⁻¹)
	0.0597
	0.2197
	0.0186
	0.0435
	0.2691

	PM 15 t ha⁻¹
	0.0492
	0.1547
	0.0172
	0.0489
	0.3093

	PM 20 t ha⁻¹
	0.0606
	0.1053
	0.0200
	0.0532
	0.2179

	PM 25 t ha⁻¹
	0.0539
	0.1415
	0.0180
	0.0444
	0.2017

	½ NPK 15:15:15 (300 kg ha⁻¹) + ½ PM 25 t ha⁻¹
	0.0591
	0.1118
	0.0170
	0.0414
	0.1965

	½ NPK 15:15:15 (350 kg ha⁻¹) + ½ PM 20 t ha⁻¹
	0.0499
	0.1234
	0.0201
	0.0411
	0.2015

	½ NPK 15:15:15 (400 kg ha⁻¹) + ½ PM 15 t ha⁻¹
	0.0565
	0.1012
	0.0189
	0.0503
	0.2015



Table 11: Transfer factor for heavy metals under various treatments Amendments in Obuasi
	Treatments
	Arsenic
	Mercury
	Lead
	Cadmium
	Copper

	Control
	0.0164
	0.0322
	0.0071
	0.0082
	0.0631

	NPK 15:15:15 (300 kg ha⁻¹)
	0.0178
	0.0349
	0.0082
	0.0141
	0.0765

	NPK 15:15:15 (350 kg ha⁻¹)
	0.0171
	0.0737
	0.0094
	0.0130
	0.0919

	NPK 15:15:15 (400 kg ha⁻¹)
	0.0178
	0.0729
	0.0095
	0.0132
	0.0944

	PM 15 t ha⁻¹
	0.0141
	0.0750
	0.0091
	0.0148
	0.0954

	PM 20 t ha⁻¹
	0.0181
	0.0445
	0.0105
	0.0157
	0.0796

	PM 25 t ha⁻¹
	0.0169
	0.0395
	0.0109
	0.0131
	0.0782

	½ NPK 15:15:15 (300 kg/ha) + ½ PM 25 t ha⁻¹
	0.0165
	0.0397
	0.0122
	0.0149
	0.0638

	½ NPK 15:15:15 (350 kg/ha) + ½ PM 20 t ha⁻¹
	0.0158
	0.0397
	0.0104
	0.0166
	0.0755

	½ NPK 15:15:15 (400 kg/ha) + ½ PM 15 t ha⁻¹
	0.0169
	0.0411
	0.0107
	0.0145
	0.0582







CONCLUSION
The study demonstrated that carrot growth and yield were significantly influenced by the different treatments. Among these, the application of poultry manure at 25 t ha⁻¹ consistently enhanced plant growth and productivity, indicating its potential as an effective organic fertilizer for improving carrot performance. Moreover, poultry manure applied at 25 t ha⁻¹ significantly promoted carrot yield and root quality, and the treatments varied considerably in their effectiveness in enhancing these outcomes. Despite elevated soil heavy metal concentrations at the Obuasi site, carrot roots from both locations remained uncontaminated. The low transfer factors recorded indicate that soil metals do not significantly limit carrot cultivation in the study area. Expanding this research to include other vegetable crops would provide a more comprehensive assessment of heavy metal accumulation and transfer risks.
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