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Introduction


Slope position is a crucial topographic factor influencing tea plant growth and element accumulation, yet its impact on nutrient uptake and metal distribution across organs remains unclear.







Methods


This study analyzed stems, mature leaves, litter, young leaves, and tea fruits collected from upper, middle, and lower slopes of low mountainous and hilly tea plantations. Concentrations of nitrogen (N), phosphorous (P), potassium (K), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), cadmium (Cd), lead (Pb), and chromium (Cr) were measured across plant organs with respect to slope position.







Results and discussion


The N, P, and K contents in organs from upper slopes were significantly higher (by 29.33%–52.25%, 14.59%–80.58%, and 16.20%–85.19%, respectively) than those from lower slopes, with the most pronounced enrichment occurring in fruits and young leaves. Fe and Mn accumulation was significantly elevated in stems, leaves, and tea fruits at the upper and middle slopes, respectively. Cu enrichment observed in mature leaves (upper slope) and young leaves (lower slope), while Zn accumulation was highest in young leaves and fruits on lower slopes. Cd and Pb were primarily concentrated in mature leaves at upper slopes, whereas Cr was significantly elevated across all organs, especially stems and fruits, at lower slopes. Health risk assessment revealed total hazard quotients (THQ) remained within safe limits (0.194–0.233), but total carcinogenic risks slightly exceeded 1×10–4 at both upper (1.05×10-4) and lower (1.15×10-4) slopes, primarily driven by Cd (93.9%) on upper slopes and Cr (70.4%) on lower slopes. These results advocate for slope-specific management strategies in low hilly tea plantations, entailing coordinated regulation of both fertilization practices and pollution sources to ensure product safety as well as mitigate toxic element accumulation.






Keywords: Camellia sinensis, slope position, nutrient absorption, heavy metals, health risk assessment







1 Introduction


Topographic features, particularly slope position, play a pivotal role in modulating soil nutrient dynamics and pollutant migration in agroecosystems, thereby influencing crop productivity and safety (Liu et al., 2023; Zhang et al., 2016). In hilly regions, slope-driven variations in hydrological processes and soil erosion often lead to spatial heterogeneity in nutrient availability and heavy metal accumulation, posing challenges to sustainable tea production (Jiang et al., 2020; Xiang et al., 2021). While previous studies have explored the impacts of slope position on soil properties or individual nutrient elements (Amare et al., 2024; Yusra et al., 2020), a comprehensive understanding of how slope gradients regulate the organ-specific distribution of both essential nutrients and toxic metals in tea plants remains elusive.


Previous studies underscore the influence of slope position on soil nutrient retention and redistribution. Upper slopes often exhibit higher organic matter content due to reduced erosion, whereas lower slopes accumulate leached nutrients and pollutants (Yoo et al., 2006). For tea plants, nitrogen (N), phosphorus (P), and potassium (K) are vital for growth and secondary metabolite synthesis, yet their uptake efficiencies are highly dependent on soil moisture and pH (Huang et al., 2022; Zhou et al., 2024). Concurrently, heavy metals commonly defined as metallic elements with a density greater than 5 g/cm³, such as cadmium (Cd) and chromium (Cr) in tea leaves raise significant health concerns, as chronic exposure to these elements through tea consumption has been associated with carcinogenic risks (Peng et al., 2018; Tao et al., 2021). Studies have identified atmospheric deposition and soil-root interactions as primary pathways for metal uptake in tea plants (He et al., 2023; Uraguchi and Fujiwara, 2012). However, most studies have focused on flat terrains or single-slope systems, neglecting the interplay between slope-driven hydrological processes and organ-specific metal allocation (Wang et al., 2024; Fan et al., 2020). Furthermore, prior risk assessments often overlook the spatial variability of contaminants across slope positions, limiting the development of targeted mitigation strategies.


The agricultural utilization of mountainous soils represents a substantial element of China’s land use strategy, particularly evident in the southern hilly regions. In these areas, anthropogenic reclamation activities have led to the transformation of a considerable proportion of sloped terrain into tea plantations (Zhi et al., 2018). Notably, these land-use conversions induce substantial alterations in pedogenic processes, including the transformation dynamics of soil organic matter and the biogeochemical cycling of metallic elements (Lange et al., 2023). The spatial heterogeneity of slope positions (summit, backslope, and footslope) exerts profound influences on soil physicochemical properties through differential erosion-deposition patterns and microclimatic variations (Liu et al., 2019). This topographic modulation significantly affects the phytoavailability of essential nutrients (N, P, K) and the accumulation potential of both beneficial and toxic metallic elements in Camellia sinensis (Wen et al., 2020). Consequently, systematic investigation of slope-induced pedospheric modifications provides critical insights for optimizing fertilization strategies, mitigating heavy metal risks, and establishing sustainable management protocols in these agroecosystems.


This study systematically investigates the influence of slope position on the spatial distribution of macronutrients and heavy metals across various organs of tea plants grown in a low hilly region of Jiangxi Province, China. By integrating nutrient and metal accumulation patterns with environmental processes and health implications, the research aims to: 1) quantify slope-dependent nutrient distribution and enrichment mechanisms, 2) identify dominant pathways and driving factors of metal accumulation linked to slope-induced environmental variability, and 3) assess carcinogenic risks associated with tea consumption, thereby providing insights into slope-specific agricultural management and risk mitigation strategies.






2 Materials and methods





2.1 Sampling locations


Fuliang County (Jiangxi Province, China), a historically significant tea-producing region renowned for its premium tea varieties since the Tang Dynasty (618–907 AD), represents one of China’s most prominent production areas for high-quality teas. The study site was located in Hanxi Village (117°25’59’’E, 29°27’53’’N, 125 m asl) within the county’s predominant tea cultivation zone, characterized by low mountainous and hilly topography. This region experiences a typical subtropical monsoon climate, with a mean annual temperature of 16°C, annual precipitation exceeding 1500 mm, and an extended frost-free period, coupled with abundant sunshine duration. The tea plantations, predominantly established on red soils, feature terraced cultivation systems with approximately 1-meter-wide benches and risers, developed through manual reclamation practices. All sampled tea plants were collected from uniformly established Qimen Zhuyeshu tea seedlings (Camellia sinensis var. Qimen Zhuye Zhong) planted in the spring of 2017. These cultivation characteristics represent a prototypical tea garden ecosystem in the low mountainous and hilly areas of the Yangtze River Basin.






2.2 Sample collection and pretreatment


In November 2024, a comprehensive field investigation and systematic sampling were conducted in the selected tea plantation. Sampling sites were strategically chosen based on consistent slope aspects, uniform slope gradients, and homogeneous growth parameters including plant development status and vigor. According to topographical and altitude variations, the tea plantation was stratified into three distinct slope positions, namely the upper slope position (129.51 m asl), the middle slope position (91.13 m asl), and the lower slope position (56.42 m asl), for the collection of tea plant samples. The altitude information and soil basic physicochemical properties of the three slope positions are shown in 
Table 1
. A total of ninety healthy and uniformly growing tea plants were sampled. Three replicated sampling plots were established at each slope position, with ten plants collected from each plot. Following field collection, plant samples were immediately transported to the laboratory and dissected into five morphological components: stems, mature leaves, litter, young leaves, and tea fruits. The organ selection was based on their distinct physiological and ecological functions: stems represent the transport pathway; mature and young leaves are the main sites of metal accumulation and the primary commercial product; litter (senesced leaves collected from the ground) was included to assess potential metal return to the soil via decomposition; and tea fruits were analyzed to evaluate the allocation of metals to reproductive structures.



Table 1 | 
Altitude information and basic physicochemical properties of soils at different slope positions.





	Slope positions

	Average altitude (m)

	pH

	Total N (g/kg)

	Organic matter (g/kg)

	Available P (mg/kg)

	Available K (mg/kg)






	Upper slope
	129.51
	4.08
	2.79
	59.99
	16.72
	111.35



	Middle slope
	91.13
	4.08
	2.73
	43.32
	18.94
	98.76



	Lower slope
	56.42
	4.25
	3.31
	48.00
	51.09
	101.51










All samples underwent standardized pretreatment procedures to ensure analytical reliability (GB/T8303-2013, 2013). The protocol involved initial enzyme deactivation through heat treatment at 105 °C for 30 minutes, followed by desiccation in a forced-air oven maintained at 80 °C until constant mass was achieved (typically 48–72 hours). Dry matter content was quantitatively determined gravimetrically. Subsequently, the dehydrated samples were homogenized using a stainless-steel grinder and passed through a 0.5-mm mesh sieve. The processed samples were subsequently subjected to quantitative analysis to determine essential macronutrients (N, P, and K) and trace metal elements, including iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), cadmium (Cd), lead (Pb), and chromium (Cr), following established analytical protocols.






2.3 Element determination and analysis


The contents of total N, total P, and total K in various organs of the tea plant were determined using the Kjeldahl method, the molybdenum-antimony anti-colorimetric method, and flame photometry, respectively (NY/T2017-2011, 2011). To determine the concentrations of Fe, Mn, Cu, Zn, Cd, Pb, and Cr in tea plant samples, the samples were digested using the HNO3-H2O2 microwave digestion method (GB5009.268-2025, 2025). Briefly, 0.2000 g of pulverized tea plant sample was accurately weighed and placed into a microwave digestion vessel. Then, 8 mL of HNO3 and 2 mL of H2O2 were added, and the vessel was securely sealed. The sample was digested in a microwave digestion system (ETHOS UP, Milestone, Sorisole, Italy) following a predefined protocol. The concentrations of the target elements (Fe, Mn, Cu, Zn, Cd, Pb, and Cr) in various tea plant organs were determined by inductively coupled plasma mass spectrometry (iCAP-Q ICP-MS, Thermo Scientific, Waltham, MA, USA).






2.4 Human health risk assessment


The exposure risk associated with tea consumption was quantified using the health risk assessment model recommended by the United States Environmental Protection Agency (USEPA), with all assessment indicators derived from the average daily intake (ADI, mg·kg-1·day-1) (US EPA, 2015). In this study, the risk assessment calculations were performed using the mean concentrations of each element. The ADI is calculated as Equation 1 (Peng et al., 2018):
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Where C is the concentration of metal elements in dried tea leaves (mg·kg-1). IR is the ingestion rate (1 L·d-1). EF is the exposure frequency (365 d·a-1). ED is the exposure duration (57 a). AT is the time period (d), which can be calculated as AT=ED×365. BW is the human body weight (70 kg for adults).


The non-carcinogenic risk associated with heavy metals in tea was assessed using the Hazard Quotient (HQ) methodology. The total non-carcinogenic risk, expressed as the Target Hazard Quotient (THQ), was defined as the arithmetic sum of individual HQ values for all detectable heavy metals, and were defined as Equations 2, 3 (Zhou et al., 2016; Ju et al., 2024):
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Where RfDi is the oral intake amount of heavy metal (i) proposed by USEPA (mg·kg-1·d-1). RfDi values for Fe, Mn, Cu, Zn, Cd, Pb and Cr were 0.1800, 0.1400, 0.3000, 0.0400, 0.0010, 0.0035 and 0.0030 mg·kg-1·d-1. HQ and THQ< 1 indicates no human carcinogenic risk, while HQ and THQ > 1 indicates potential human carcinogenic risk, with the higher the value, the higher the risk. The carcinogenic risk can be calculated by the following Equations 4, 5 (Tao et al., 2021):
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Where Riski is the carcinogenic risk of heavy metal (i). RiskTotal is the summation of each Riski value. SF is the slope factor of cancer. SF values for Cr, Cd, and Pb were 0.5, 15 and 0.008. There is no reference standard value for other elements. Risk< 10-6, Risk = 10-6-10–4 and Risk >10–4 indicates no significant risk, acceptable risk and unacceptable risk, respectively.






2.5 Statistical analysis


Statistical analyses were performed using one-way analysis of variance (ANOVA) implemented in SPSS statistical software (version 19.0; SPSS Inc., Chicago, IL, USA). Post hoc multiple comparisons between treatment groups were conducted using Fisher’s least significant difference (LSD) test, with statistical significance determined at P<0.05. The linear statistical model used for ANOVA included the replication number, Slope position (SP), Organ (O), and the interactions of SP×O.







3 Results





3.1 Nutrient element contents


A significant spatial heterogeneity was observed in the total N, P, and K contents across various organs of tea plants at different slope positions in low mountainous and hilly tea plantations. Overall, the total N content in the organs of tea plants at the upper slope position was significantly higher, ranging from 29.33% to 52.25%, compared to those at the lower slope position (
Figure 1
). Among all organs, tea fruits exhibited the highest total N content, with significantly greater levels at the upper slope position compared to the middle and lower slope positions. In contrast, litter displayed the lowest total N content, with significantly higher values at the upper slope position compared to the middle and lower slope positions. Furthermore, the total N content in stems, mature leaves, and young leaves also demonstrated a consistent trend, with higher levels at the upper slope position than at the middle and lower slope positions.


[image: Bar chart depicting total nitrogen content in grams per kilogram for different plant parts: litter, stems, mature leaves, young leaves, and tea fruits across three slope positions—upper, middle, and lower. Upper slope generally has the highest nitrogen content, followed by middle, then lower. Each bar is labeled with a letter indicating statistical significance.]
Figure 1 | 
Content of total nitrogen in the same organ of the tea plant at different slope positions. Data are presented as the means ± SEM of three replicates. Different lowercase letters indicate significant differences among the slope positions (P< 0.05).




The total P content in the organs of tea plants located at the upper slope position was significantly higher, ranging from 14.59% to 80.58%, in comparison to those at the lower slope position (
Figure 2
). Tea fruits demonstrated the highest total P content, exhibiting significantly higher levels at the upper slope position than at the middle and lower slope positions. In contrast, litter displayed the lowest total P content, with significantly higher values at the upper slope position compared to the middle and lower slope positions. A similar trend was observed in stems, with mature leaves and young leaves displaying comparatively higher total P content at the upper slope position. However, in mature leaves, no significant difference in total P content was detected between the middle and lower slope positions.


[image: Bar chart comparing total phosphorus content in various plant parts across three slope elevations: upper, middle, and lower. The phosphorus content is measured in grams per kilogram. Upper slopes generally show higher phosphorus levels across all categories: litter, stems, mature leaves, young leaves, and tea fruits. Young leaves and tea fruits have the highest phosphorus content. Error bars and different lowercase letters indicate statistical differences among the categories.]
Figure 2 | 
Content of total phosphorus in the same organ of the tea plant at different slope positions. Data are presented as the means ± SEM of three replicates. Different lowercase letters indicate significant differences among the slope positions (P< 0.05).




The total K content in various organs of tea plants at the upper slope position was significantly higher (16.20% to 85.19%) than those at the lower slope position (
Figure 3
). Amongst all organs, tea fruits demonstrated the highest total K content, with the upper slope position exhibiting significantly greater total K content in tea fruits than the middle and lower slope positions. In the case of litter, stems, and young leaves, the total K content at the upper slope position was significantly higher than that at the middle and lower slope positions. Conversely, for mature leaves, the total K content at both the upper and middle slope positions was significantly higher than that at the lower slope position. However, no significant difference was observed between the upper and middle slope positions.


[image: Bar chart comparing total potassium content in different plant parts across three slope areas: upper slope (red), middle slope (yellow), and lower slope (blue). Potassium content is highest in tea fruits and lowest in litter, with upper slope consistently having the highest values. Different letters above bars indicate statistical significance.]
Figure 3 | 
Content of total potassium in the same organ of the tea plant at different slope positions. Data are presented as the means ± SEM of three replicates. Different lowercase letters indicate significant differences among the slope positions (P< 0.05).








3.2 Content of Cu, Mn, Zn, and Fe


Slope position exerted a significant influence on the concentrations of various elements in different tea plant organs (
Figure 4
). This influence varied considerably depending on the specific element and organ type, exhibiting no consistent pattern across slope positions. Significant variations in Fe content were observed among slope positions for all organs. Litter Fe content differed substantially among slopes, with the lower slope exhibiting 14.5% and 22.7% higher concentrations than the middle and upper slopes, respectively (
Figure 4A
). Conversely, stems, mature leaves, young leaves, and tea fruits demonstrated significantly elevated Fe levels in the upper slope compared to both the middle and lower slopes. Specifically, upper slope stems contained 16.9% more Fe than lower slope stems and 112% more than middle slope stems, while upper slope tea fruits showed 15.6% and 38.5% higher Fe content than those from middle and lower slopes. Regarding Mn, litter Mn varied significantly across slopes, with lower slope concentrations exceeding upper and middle slope values by 39.1% and 102% (
Figure 4B
). Stems, mature leaves, and young leaves all exhibited peak Mn concentrations in the middle slope: stems showed 45.1% and 86.6% higher Mn than lower and upper slopes; mature leaves contained 22.9% and 67.2% more Mn than upper and lower slopes; young leaves displayed 28.9% and 82.2% greater Mn than upper and lower slopes. Tea fruits Mn showed no significant difference between upper and middle slopes, though both significantly exceeded lower slope values. For Cu, lower slope litter contained 36.6% and 83.7% more Cu than upper and middle slopes, while stems peaked in the middle slope (
Figure 4C
). Mature leaves showed significantly higher Cu in the upper slope, whereas young leaves peaked in the lower slope with 22.3% higher concentrations than the upper slope. Tea fruits Cu was significantly elevated in the lower slope compared to the upper slope. Zn content varied significantly across slopes for all organs, with litter, stems, and mature leaves all reaching maximum concentrations in the middle slope (
Figure 4D
). litter Zn was 12.8% and 37.0% higher than lower and upper slopes; stems Zn exceeded upper and lower slope values by 21.6% and 100%; mature leaves Zn was 33.3% and 60.8% greater than upper and lower slopes. Young leaves Zn peaked in the lower slope, surpassing middle and upper slope concentrations by 39.1% and 68.2%, while tea fruits Zn was significantly higher in the lower slope, exceeding upper and middle slope values by 18.0% and 20.7%.


[image: Bar graphs labeled A to D compare the content of iron, manganese, copper, and zinc among different plant parts—litter, stems, mature leaves, young leaves, and tea fruits—at upper, middle, and lower slopes. Different colored bars represent each slope: yellow (upper), blue (middle), and red (lower), indicating variations in mineral content among slopes and plant parts.]
Figure 4 | 
Contents of Fe (A), Mn (B), Cu (C), and Zn (D) in various organs of tea plants at different slope positions. Data are presented as the means ± SEM of three replicates. Different lowercase letters indicate significant differences among the slope positions (P< 0.05).








3.3 Content of Cd, Pb, and Cr


Significant variations in Cd content were observed across slope positions (
Figure 5A
). Litter Cd was significantly higher in the middle and lower slopes than in the upper slope, reaching 1.72 times the upper slope concentration. Stem Cd content was 45.5% higher in the middle slope than in the lower slope and 71.4% higher than in the upper slope. Conversely, mature leaves exhibited significantly higher Cd in the upper slope, exceeding lower and middle slope values by 29.6% and 84.2% respectively. Young leaves showed substantially elevated Cd in the upper slope, containing 2.31 and 2.85 times the concentrations found in the middle and lower slopes. Tea fruit Cd peaked in the middle slope at 2.33 times the upper slope levels and 2.24 times the lower slope levels. For Pb, litter, stems, mature leaves, and young leaves all showed significant inter-slope differences, with upper slope concentrations exceeding middle and lower slopes by 43.7% and 58.7% respectively (
Figure 5B
). Middle slope stem Pb was 9.2% higher than the upper slope and 36.3% higher than the lower slope values. Upper slope mature leaf Pb exceeded lower and middle slope concentrations by 50.7% and 66.4%, while middle slope young leaf Pb was 58.1% higher than lower slope and 65.9% higher than upper slope. Tea fruit Pb reached 2.06 and 2.68 times the upper and lower slope levels in the middle slope. Cr content varied significantly across all three slope positions for all organs (
Figure 5C
). Lower slope litter Cr exceeded upper and middle slope concentrations by 3.2% and 407% respectively. Lower slope stems contained 229% and 863% more Cr than the upper and middle slopes. Lower slope mature leaves showed 86.8% and 484% higher Cr than middle and upper slopes, while lower slope young leaves exhibited 529% and 1273% greater Cr than middle and upper slopes. Middle slope tea fruit Cr exceeded lower and upper slope values by 14.5% and 839%.


[image: Bar charts labeled A, B, and C show the content of cadmium, lead, and chromium in different tea plant parts. Each chart compares content across upper, middle, and lower slopes, with varying levels indicated by different colors. Error bars and letter annotations denote significant differences.]
Figure 5 | 
Contents of Cd (A), Pb (B), and Cr (C) in various organs of tea plants at different slope positions. Data are presented as the means ± SEM of three replicates. Different lowercase letters indicate significant differences among the slope positions (P< 0.05).








3.4 Effects of slope position, tea plant organs and interactions on element distribution


Multivariate analysis of variance revealed statistically significant effects (P< 0.01) of slope position, plant organ, and their interaction on the concentrations of Fe, Mn, Zn, Cd, Pb, and Cr (
Table 2
). While Cu accumulation exhibited no statistically significant variation across slope positions, both organ-specific distribution patterns (P< 0.01) and slope-organ interaction effects (P< 0.01) demonstrated high significance for this element.



Table 2 | 
Analysis of variance (ANOVA) of heavy metals in tea plant organs at different slope positions.





	Element

	Slope position (SP)

	Organ (O)

	SP×O






	Fe
	
**

	
**

	
**




	Mn
	
**

	
**

	
**




	Cu
	
ns

	
**

	
**




	Zn
	
**

	
**

	
**




	Cd
	
**

	
**

	
**




	Pb
	
**

	
**

	
**




	Cr
	
**

	
**

	
**








ns denotes non-significance at the 0.05 probability level.

**Denotes significant at P< 0.01.








3.5 Health risk assessment


The ADI values of Fe, Mn, Cu, and Zn ranged from 7.734×10-3 - 1.314×10-2, 3.432×10-3 - 6.473×10-3, 1.358×10-3 - 1.803×10-3, and 7.607×10-3 - 1.351×10–2 mg·kg-1·day-1, respectively, in all slopes, which did not show a significant spatial difference (
Table 3
). The ADI magnitudes of Cd, Pb and Cr were lower (10-6~10-4), but the ADI of Cr on Lower slope (1.621×10–4 mg·kg-1·day-1) was significantly higher than that of other slope positions. The mean single-factor HQ values for all elements were below 1 (0.002-0.073), and the total HQ values ranged from 0.194 to 0.233. The mean HQ values for each slope are shown in descending order as follows: lower slope (0.230) > upper slope (0.198) > middle slope (0.195). The element exhibiting the highest mean value of carcinogenic risk was Cd across all the different slopes, with Risk values approaching the upper acceptable limit (1×10-4) for Cd (9.870×10-5) in the upper slope and Cr (8.103×10-5) in the lower slope. The total Risk of the three slopes is calculated to be 1.050×10-4 (upper slope), 5.610×10-5 (middle slope) and 1.150×10-4 (lower slope), where the total Risk of the upper slope and lower slope is slightly more than 1×10-4.



Table 3 | 
Average daily intake (ADI) and non-carcinogenic risk (HQ) and carcinogenic risk (Risk) of heavy metals.





	Slope position

	Element

	ADI (mg·kg-1·day-1)

	HQ

	Risk




	mean

	min

	max

	mean

	min

	max

	mean

	min

	max






	Upper slope
	Fe
	1.314×10-2

	1.310×10-2

	1.317×10-2

	0.073
	0.073
	0.073
	—
	—
	—



	Mn
	4.953×10-3

	4.684×10-3

	5.222×10-3

	0.035
	0.033
	0.037
	—
	—
	—



	Cu
	1.445×10-3

	1.410×10-3

	1.480×10-3

	0.036
	0.035
	0.037
	—
	—
	—



	Zn
	7.876×10-3

	7.607×10-3

	8.145×10-3

	0.026
	0.025
	0.027
	—
	—
	—



	Cd
	6.580×10-6

	6.402×10-6

	6.759×10-6

	0.007
	0.006
	0.007
	9.870×10-5

	9.603×10-5

	1.014×10-4




	Pb
	5.870×10-5

	5.868×10-5

	5.871×10-5

	0.017
	0.017
	0.017
	4.989×10-7

	4.988×10-7

	4.990×10-7




	Cr
	1.184×10-5

	1.144×10-5

	1.225×10-5

	0.004
	0.004
	0.004
	5.921×10-6

	5.718×10-6

	6.124×10-6




	 
	Total
	—
	—
	—
	0.198
	0.194
	0.202
	1.050×10-4

	1.020×10-4

	1.080×10-4




	Middle slope
	Fe
	7.885×10-3

	7.858×10-3

	7.913×10-3

	0.044
	0.044
	0.044
	—
	—
	—



	Mn
	6.384×10-3

	6.295×10-3

	6.473×10-3

	0.046
	0.045
	0.046
	—
	—
	—



	Cu
	1.393×10-3

	1.358×10-3

	1.428×10-3

	0.035
	0.034
	0.036
	—
	—
	—



	Zn
	9.522×10-3

	9.468×10-3

	9.577×10-3

	0.032
	0.032
	0.032
	—
	—
	—



	Cd
	2.829×10-6

	2.776×10-6

	2.881×10-6

	0.003
	0.003
	0.003
	4.243×10-5

	4.164×10-5

	4.322×10-5




	Pb
	9.736×10-5

	9.709×10-5

	9.763×10-5

	0.028
	0.028
	0.028
	8.275×10-7

	8.253×10-7

	8.298×10-7




	Cr
	2.577×10-5

	2.550×10-5

	2.604×10-5

	0.009
	0.009
	0.009
	1.289×10-5

	1.275×10-5

	1.302×10-5




	 
	Total
	—
	—
	—
	0.195
	0.193
	0.197
	5.610×10-5

	5.520×10-5

	5.710×10-5




	Lower slope
	Fe
	7.769×10-3

	7.734×10-3

	7.804×10-3

	0.043
	0.043
	0.043
	—
	—
	—



	Mn
	3.503×10-3

	3.432×10-3

	3.574×10-3

	0.025
	0.025
	0.026
	—
	—
	—



	Cu
	1.767×10-3

	1.730×10-3

	1.803×10-3

	0.044
	0.043
	0.045
	—
	—
	—



	Zn
	1.324×10-2

	1.298×10-2

	1.351×10-2

	0.044
	0.043
	0.045
	—
	—
	—



	Cd
	2.239×10-6

	2.239×10-6

	2.238×10-6

	0.002
	0.002
	0.002
	3.358×10-5

	3.359×10-5

	3.357×10-5




	Pb
	6.157×10-5

	6.130×10-5

	6.183×10-5

	0.018
	0.018
	0.018
	5.233×10-7

	5.210×10-7

	5.256×10-7




	Cr
	1.621×10-4

	1.615×10-4

	1.626×10-4

	0.054
	0.054
	0.054
	8.103×10-5

	8.076×10-5

	8.130×10-5




	 
	Total
	—
	—
	—
	0.230
	0.228
	0.233
	1.150×10-4

	1.150×10-4

	1.150×10-4








— denotes no data.




The contribution rate of Fe exhibited a progressive decrease from upper to lower slope positions (36.90% →22.30% →18.70%), while Mn reached its maximum contribution (23.40%) at the middle slope position (
Figure 6
). Comparatively modest variations were observed in the contribution rates of Cu and Zn across different slope positions, ranging from 17.80% to 19.10% and 13.10% to 19.10%, respectively. Cd and Pb demonstrated generally lower contribution rates, both displaying descending trends with decreasing slope elevation (Cd: 3.50% → 0.90%; Pb: 14.20% → 7.80%). Notably, Cr exhibited a marked elevation in contribution rate at the lower slope position (23.50%), substantially exceeding values recorded at upper (2.0%) and middle (4.60%) slope positions.


[image: Concentric ring chart showing the percentage composition of metals (Fe, Mn, Cu, Zn, Cd, Pb, Cr) at different soil slopes: upper, middle, and lower. Each slope level is represented by one ring, detailing varying percentages for each metal, with Fe dominating across all slopes. Colors differentiate metals.]
Figure 6 | 
The percentage contribution of Target Hazard Quotient (THQ) of heavy metals.




With regard to the percentage contribution to RiskTotal, Cd dominated RiskTotal contributions in the upper slope (93.90%), which progressively decreasing to 75.60% in the middle slope and sharply declining to 29.20% in the lower slope (
Figure 7
). Conversely, Cr exhibited an inverse spatial pattern, with its contribution increasing from 5.60% (upper slope) to 23.00% (middle slope) and peaking at 70.40% in the lower slope. Pb maintained consistently minimal contributions across all slope positions (0.50–1.50%), demonstrating negligible influence on RiskTotal.


[image: Concentric ring chart depicting the distribution of Cd (peach), Pb (yellow), and Cr (teal) on upper, middle, and lower slopes. The outer ring shows 23% Cd, 1.5% Pb, and 70.4% Cr. The middle ring shows 0.5% Cd, 5.6% Pb, and 93.9% Cr. The inner ring shows 29.2% Cd, 0.5% Pb, and 75.6% Cr.]
Figure 7 | 
The percentage contribution of RiskTotal of Cd, Pb, and Cr.









4 Discussion





4.1 Impact of slope position on nutrient element uptake in tea plants


The present study revealed that the concentrations of N, P and K in various tea plant organs within hilly tea plantations exhibited a consistent trend of upper slope > middle slope > lower slope, with tea fruits and young leaves demonstrating the highest nutrient concentrations. This phenomenon may be closely associated with slope position-mediated regulation of soil nutrient distribution and hydrological transport. Previous research has indicated that upper slope soils typically exhibit higher organic matter accumulation and mineral nutrient retention due to reduced water infiltration caused by gravitational effects and weaker soil erosion (Zhang et al., 2023; Buraka et al., 2022). Conversely, middle and lower slopes are prone to surface runoff-induced nutrient leaching losses, leading to diminished availability of soil nutrients. The observed nutrient enrichment in tea fruits and young leaves is likely to reflect their substantial nutrient demands as organs characterized by elevated metabolic activity. Specifically, tea fruits, as reproductive organs, may prioritize nutrient acquisition through hormonal signaling pathways, particularly through the allocation mechanisms of nutrients mediated by cytokines (Liu et al., 2021). Furthermore, leaf litter exhibited the lowest nutrient levels, with further reductions observed in lower slope positions, which may be attributable to slope-dependent variations in decomposition rates and nutrient recycling processes (Hosseini et al., 2022). This phenomenon is primarily driven by nutrient loss during decomposition: soluble nutrients (e.g., K+, NO3
-) are rapidly leached by rainwater, while labile carbon compounds are mineralized by microbes, leaving recalcitrant compounds (e.g., lignin) with low nutrient density. Lower slope positions likely accelerate these processes due to higher soil moisture and prolonged litter submersion during runoff events, which further depletes nutrients (Chen et al., 2023).


Notably, mature and young leaves exhibited significantly higher N, P, and K concentrations in upper slope positions compared to middle and lower slopes (
Figure 2
), a phenomenon potentially attributed to active nutrient demands driven by photosynthetic requirements. Specifically, leaf N predominantly contributes to chlorophyll biosynthesis and Rubisco enzyme production, while K facilitates stomatal regulation (Ruan et al., 2019). The superior light availability in upper slopes may enhance photosynthetic carbon assimilation, thereby indirectly stimulating root nutrient uptake through carbohydrate-mediated signaling (Chen et al., 2016). However, no significant difference in P concentration was observed between middle and lower slopes for mature leaves, likely reflecting P’s limited mobility in soil systems. In acidic red soils, phosphate ions are readily immobilized through adsorption to iron/aluminum oxides, with their bioavailability largely dependent on root-exuded organic acids (e.g., citrate) for activation (Lei et al., 2024). Furthermore, elevated soil moisture content in middle and lower slope positions may exacerbate P leaching losses (Kochian et al., 2015). While leaching transports soluble nutrients downslope, our results for N, P, and K consistently showed higher concentrations in upper slope plant organs, contrary to a potential expectation of enrichment in lower slopes. This indicates that plant uptake and soil retention processes at the upper slope (e.g., reduced erosion, higher organic matter) are more dominant factors for these macronutrients than the translocation via leaching for the tea plants in this system. This highlights the importance of implementing slope-specific nutrient management strategies in hilly tea plantations. Specifically, upper slopes should prioritize reduced N inputs to minimize fertilizer redundancy, given their inherent nutrient retention capacity. In contrast, middle and lower slopes require targeted supplementation of P and K fertilizers to counteract leaching-induced deficiencies and optimize nutrient stoichiometry.






4.2 Impact of slope position on metal element accumulation in tea plants


The absorption and allocation of heavy metals in tea plants (Camellia sinensis) within low hilly plantations demonstrated marked organ-specific patterns and slope-position interactions. The pronounced enrichment of Cu or Fe in stems, leaves, and tea fruits from upper slope positions can likely be attributed to enhanced metal bioavailability under acidic soil conditions (Jia et al., 2024). 
Table 1
 shows corroborating evidence of lower pH values in upper slope soils compared to lower slopes. Under such acidic conditions, the dissolution of Cu2+ and Fe3+ is facilitated (Alloway, 2013). In response, tea plants may upregulate metal transporters (e.g., YSL family proteins) to improve Fe chelation and uptake (Curie et al., 2009). Meanwhile, increased accumulation of Cu in mature leaves, which serves as a cofactor for key oxidases like polyphenol oxidase, may indicate strengthened antioxidant metabolism in plants growing upper slope positions (Maksymiec, 2007). For instance, the Fe concentration in upper slope mature leaves (93.487 mg/kg) resides within the agronomically optimal range for tea plants, but the Mn content in middle-slope young leaves (19.574 mg/kg) approaches the upper limit of typical phytotoxicity thresholds (Alloway, 2013), indicating a potential risk of stress or warranting monitoring. This discrepancy highlights the role of soil redox dynamics in modulating Mn bioavailability at middle slopes. Notably, abnormal Mn enrichment in mature and young leaves at middle slopes may be associated with dynamic fluctuations in soil redox potential at this slope. Seasonal waterlogging in hilly tea plantations facilitates the reductive dissolution of Mn oxides (e.g., MnO2) into soluble Mn2+ (Millaleo et al., 2010), while tea leaves actively absorb Mn through plasma membrane-localized transporters (NRAMP family) to support photosynthetic function, particularly in the oxygen-evolving complex of photosystem II (Pittman, 2005). The Mn levels in middle-slope litter (32.646 mg/kg) are comparable to those reported in other horticultural crops under similar redox conditions (Rotter et al., 2017), but the significantly higher Mn in upper slope litter (47.396 mg/kg) underscores the role of acidification in mobilizing this element. This finding aligns with field studies showing that pH< 5.5 dramatically increases Mn solubility (Mayanna et al., 2015).


The accumulation patterns of Cd, Pb, and Cr further elucidate slope-mediated regulation of pollutant migration and transformation. The pronounced Cd enrichment observed in upper-slope mature leaves (0.95-fold higher than in young leaves) may predominantly arise from stomatal uptake pathways. Elevated wind velocities at upper slopes enhance the deposition of Cd-containing atmospheric particulates onto leaf surfaces, facilitating Cd entry into the symplast via stomatal infiltration (Uraguchi et al., 2009; Ouyang et al., 2023). The Cd concentration in upper-slope mature leaves (0.035 mg/kg) is within the range reported for tea plants in non-polluted regions (Hu et al., 2023), but the elevated Cd in middle-slope stems (0.048 mg/kg) exceeds the maximum level (0.02 mg/kg) recommended for processed tea leaves by FAO/WHO (2021), suggesting a potential risk of Cd transfer into consumable tea products and associated health concerns. This discrepancy warrants further investigation into whether slope-specific hydrological processes (e.g., leaching) amplify Cd bioavailability in transitional zones. The elevated Cd accumulation in middle-slope stems (1.55-fold higher than in litter) likely results from vertical leaching of soil Cd. The position of this transitional slope, characterized by active hydrological transport, facilitates the downward migration of dissolved Cd with soil water. This process is then intercepted by stem xylem flow (Lux et al., 2011), thereby inducing a sequestration mechanism analogous to Cd compartmentalization in rice nodes (Uraguchi and Fujiwara, 2012). The Pb concentration in upper-slope mature leaves (1.594 mg·kg-1) significantly exceeds the typical range for cultivated C. sinensis in Asian humid subtropical regions (Zhang et al., 2020), a deviation attributable to localized atmospheric deposition. Conversely, Cr levels in lower slope stems (1.04 mg·kg-1) correspond to pedogenic background concentrations in agricultural soils (Ju et al., 2024), reflecting geogenic sourcing. The heightened Pb concentration in upper slope mature leaves (4.86-fold greater than in young leaves) may be correlated with atmospheric particulate deposition through stomatal uptake (Shahid et al., 2017). Additional retention mechanisms, including adsorption by the leaf cuticular wax layer and cell wall sequestration, likely restrict the translocation of Pb to young leaves (Rahman et al., 2024). However, the Pb in upper-slope litter (1.525 mg/kg) remains within safe thresholds for soil ecosystems (Alloway, 2013), suggesting minimal long-term environmental risks. This contrast between foliar and litter Pb concentrations underscores the importance of organ-specific partitioning in mitigating metal toxicity. Cr primarily accumulates in lower-slope stems and fruits, potentially driven by depositional processes related to topography. Chronic water flow transports Cr to lower-slope soils, where subsequent root uptake facilitates its systemic distribution (Becquer et al., 2003). The Cr concentration in lower-slope tea fruits (0.861 mg/kg) is consistent with reports for fruiting crops in unpolluted areas (Hu et al., 2023), but the elevated Cr in lower-slope stems (1.04 mg/kg) warrants further investigation, including speciation analysis, to assess both phytotoxicity and broader ecological risks, given the significantly higher toxicity of Cr(VI) compared to Cr(III) (Shahid et al., 2017). However, as this study provides point-in-time measurements, the precise rates of downslope transport and leaching fluxes for elements like Cr remain unquantified. Future studies incorporating longitudinal sampling and detailed monitoring of soil pore water dynamics are essential to directly quantify these rates and model the kinetics of element movement between slope positions. Overall, the metal accumulation patterns reveal a key distinction: Cr conformed to the expected downslope leaching and accumulation behavior, acting as a hydrological sink. In contrast, the distributions of Cd and Pb were primarily governed by atmospheric deposition and subsequent plant uptake processes at the upper slope, overriding leaching effects.






4.3 Health risk assessment


Health risk assessment revealed that although the acceptable daily intake (ADI) of Fe, Mn, Cu, and Zn remained below threshold levels, the ADI of Cr at lower slopes (1.621×10-4 mg·kg-1·day-1) showed significant elevation. This elevation is likely associated with Cr enrichment caused by poor soil drainage in these positions (Antoniadis et al., 2017). Under reducing conditions, Cr predominantly exists as Cr(III), but rhizospheric oxidation may generate toxic Cr(VI), which enters plants via sulfate transporters (Riaz et al., 2024). As hydrological sinks, lower slopes accumulate pollutants transported from upper slopes through surface runoff, exacerbating Cr accumulation risks (Li et al., 2011). Although the total hazard quotient (HQTotal: 0.194-0.233) remained below safety thresholds, the maximum HQ at lower slopes (0.230) suggests potential concerns regarding low-dose cumulative exposure from chronic tea consumption. Carcinogenic risk (RiskTotal) marginally exceeded 1×10-4 at upper and lower slopes, with Cd (93.9% contribution at upper slopes) and Cr (70.4% contribution at lower slopes) identified as primary risk drivers (
Figure 7
). The elevated Cd risk correlates with its strong bioaccumulation capacity in tea leaves and low toxicity thresholds (Ju et al., 2024), while lower soil pH at upper slopes likely enhances Cd bioavailability (Hao et al., 2024). Conversely, the spatial differentiation in Cr risk (70.4% contribution at lower slopes) may reflect localized anthropogenic inputs (e.g., pesticide application or industrial contamination), necessitating further quantification through source apportionment models (Zhou et al., 2016).


The primary risk drivers are starkly contrasted across the slope, with Cd (atmospheric) dominating at the top and Cr (leaching or runoff) at the base, a pattern that directly reflects their divergent transport and accumulation mechanisms. This finding underscores the critical need for slope-specific management strategies and provides a solid foundation for developing tailored mitigation measures. To mitigate the aforementioned risks, the following management strategies are recommended: 1) restrict the application of chromium-based agrochemicals and inputs of industrial pollutants on lower slopes; 2) employ rationalized fertilization practices to ensure a balanced nutrient supply; 3) utilize organic management strategies, such as biochar or lime amendment, to modulate soil pH and lower the bioavailability of heavy metals. Furthermore, optimizing the spatial arrangement of tea plantations in low hilly regions and prioritizing the cultivation of high-value tea varieties on upper slopes can help reconcile nutrient use efficiency with tea product safety.







5 Conclusions


This study revealed distinct slope-dependent variations in nutrient and heavy metal accumulation in tea plants within low mountainous and hilly plantations. Upper slopes showed higher concentrations of N, P, and K in tea organs, especially in tea fruits and young leaves, whereas lower slopes showed reduced nutrient availability. Fe was elevated across multiple organs on upper slopes, while Mn peaked in stems and leaves at the middle slope. Cu accumulation was slope-dependent, highest in mature leaves (upper) and young leaves (lower). Zn showed distinct organ-specificity, concentrating in young leaves and fruits at lower slopes. Cd and Pb were mainly concentrated in mature leaves on upper slopes, and Cr was notably elevated in all plant organs, particularly stems and fruits, on lower slopes. Health risk assessments confirmed that total hazard quotients (THQs) below safety thresholds, whereas total carcinogenic risks slightly exceeded 1×10-4 on both upper and lower slopes, primarily driven by Cd on upper slopes and Cr on lower slopes. Slope-specific management strategies, including optimized fertilization, restricted use of agrochemicals, and soil amendments, are recommended to mitigate risks and support sustainable tea production.
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