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Abstract 

Soils pollution by lead (Pb) and cadmium (Cd) represents a major environmental 

challenge due to their persistence, toxicity, and bioaccumulation potential. This study evaluated 

the tolerance and phytoremediation efficiency of Paulownia tomentosa seedlings grown in Pb 

and Cd-polluted soils under controlled pot-experiment conditions. Treatments included: control, 

Pb (200, 400, 600 mg kg⁻ ¹), and Cd (20, 40, 60 mg kg⁻ ¹). Growth performance, physiological 

responses (chlorophyll content, relative water content, membrane stability index, chlorophyll 

stability index), biomass allocation, lead (Pb) and Cadmium(Cd) content and, uptake in different 

plant parts, and phytoremediation indices (translocation factor, bioconcentration factor, 

bioaccumulation coefficient, tolerance index, and remediation factor) were assessed. Results 

revealed that Paulownia tomentosa seedlings were affected negatively by exposing to Pb and Cd 

pollutants. with Pb exerting stronger inhibitory effects on most vegetative growth, physiological 

traits ( total chlorophy(SPAD), Chlorophyll stability index(CSI), membrane stability index(MSI), 

relative water conten(RWC%) and biomass particularly, in roots and leaves, reflecting severe 

impairment of photosynthetic capacity, water relations, and membrane stability, whereas Cd 

stress produced less impact reductions and allowed relatively better shoot development and 

Physiological traits, suggesting partial resilience through osmotic adjustment, antioxidant 

activation, and stabilization of chloroplast membranes. Pb was predominantly sequestration in 

roots, enhanced root retention, with relatively lower values of BAC, BCF, and limited 

remediation efficiency RF%)values, confirming its phytostabilization potential. while Cd stress 

promoted shoot translocation and accumulation with higher values of TF, BAC, BCF, and 

RF%, enhancing phytoextraction efficiency.   

Keywords: Phytoremediation; Paulownia tomentosa; lead tolerance; cadmium tolerance; 

seedling efficiency; soil remediation. 
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Introduction 

         Environmental pollution by heavy 

metals is among the most threatening issues 

to ecosystems and living organisms. Heavy 

metal accumulation in soil has rapidly 

increased due to both natural processes and 

anthropogenic activities resulting from 

industrialization and urbanization, such as 

phosphate fertilizer use in agriculture, metal 

mining and smelting, pesticide application, 

and fossil fuel burning [2]. Because of their 

toxic nature and non-biodegradability, heavy 

metals persist in soils for long periods, have 

the potential to enter the food chain through 

crop plants, and eventually accumulate in 

the human body through biomagnification, 

causing serious diseases and posing risks to 

ecosystems [20, 27]. 

      High concentrations of heavy metals in 

soil negatively affect plant growth by 

interfering with metabolic functions, 

including physiological and biochemical 

processes. Lead (Pb) and cadmium (Cd) are 

among the most dangerous heavy metals in 

the environment. Studies conducted in 

Duhok city confirmed contamination of soils 

and also some crops, fruits, and vegetables 

[21, 8, 1]. Pb is more prevalent than many 

other toxic metals; when concentrated in 

plant tissues, it reduces vegetative growth by 

affecting structural and physiological 

properties, impairing photosynthesis, and 

hindering stomatal function in leaves. It also 

inhibits enzymatic activity in plant tissues 

[22, 23]. Cd is highly toxic even at low 

concentrations and is rapidly transferred into 

cellular tissues, causing morphological, 

physiological, and biochemical changes. It 

reduces growth, photosynthesis, and cellular 

processes, and at critical concentrations 

leads to cell damage and plant death [15, 

20]. 

    Phytoremediation has emerged as a 

promising alternative, offering cost-

effective, environmentally friendly, and 

sustainable approaches to mitigating heavy 

metal pollution, unlike traditional methods 

that are often expensive and may adversely 

affect biological activity, soil structure, and 

fertility [35, 27]. Recent studies have 

emphasized the use of forest trees in 

decontaminating heavy metal-polluted 

ecosystems, due to their non-contribution to 

the food chain, short soil cycles, high 

biomass production, and potential for 

bioenergy [27, 20]. Despite promising 

findings indicating Paulownia tomentosa’s 

resilience and multifunctional role in 

contaminated ecosystems, significant gaps 

remain. Most studies are short-term, with 

limited long-term data, and information on 

its performance under varying 

contamination regimes and soil types is 

scarce. Few studies systematically integrate 

physiological parameters such as 

chlorophyll content, relative water content, 

and biomass yield with metal uptake and 

translocation indices. 

      The present study therefore aimed to 

evaluate the tolerance and efficiency of 

Paulownia tomentosa seedlings in 

phytoremediation of Pb- and Cd-

contaminated soils, by assessing growth 

performance under different contamination 

levels, physiological responses, 

quantification of metal accumulation in 

different plant parts, and identifying the 

suitability of P. tomentosa for sustainable 

remediation of heavy metal-polluted soils. 
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Materials and Methods 

Description of the study site:       

A pot experiment was conducted 

outdoors during the period from February to 

November, 2025 in Akre Forest Nursery, 

Duhok, belonging to the General Directorate 

of Forests and Rangelands as shows in the 

figure (1). The site was located at an altitude 

of 636 m above sea level (36°75′98″ N, 

43°09′56″ E). The total annual precipitation 

in 2025 as showed in table (1) was 477.8 

mm, with annual average maximum and 

minimum temperatures of 26.3 °C and 

15.3 °C, respectively. The average 

maximum relative humidity during the year 

was 28.2%. Climatic data during the study 

period were obtained from the 

Meteorological Station–Akre  

 

Figure (1) illustrates the multi-scale geospatial context of the Akre Forest Nursery in Duhok 

Governorate, Iraq, combining national, regional, district, and local maps to clearly identify the 

experimental site. 
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Table 1. Climate elements of the study site during the experiment period- 2025 

Month 
Precipitation 

(,mm) 

Avg Max Temp 

(°C) 

Avg Min Temp 

(°C) 

Avg Max Rel. Humidity 

(% ) 

January 45.8 mm 14.9 4.6 45 

February 76.4 mm 11.4 2.5 43 

March 24.2 mm 21.2 10.0 35 

April 44.0 mm 25.1 13.9 36 

May 14.2 mm 33.6 20.1 22 

June 0.0 mm 38.8 26.5 11 

July 0.0 mm 42.8 30.1 11 

August 0.0 mm 42.9 28.3 11 

September 0.0 mm 35.9 22.8 14 

October 0.0 mm 29.9 17.2 23 

November 62.2 mm 24.6 12.0 30 

December 210.8 mm 13.9 6.5 57 

 

 Soil Sampling and Processing 

       The growing medium used in this study 

consisted of river sand (sandy loam soil) 

mixed with organic fertilizer at a ratio of 

19:1 (w/w). The mixture was air-dried and 

sieved through a 4 mm mesh before being 

transferred into plastic pots (30 cm in 

diameter and 36 cm in depth). Each pot was 

filled with 20 kg of the prepared mixture. A 

sub-sample of the soil mixture, presented in 

Table 2, was further sieved through a 2.0 

mm mesh and analyzed to determine 

selected physical and chemical properties 

following the procedures described by [37] 

and [9]. All laboratory analyses were 

conducted at the Research Center of the 

College of Agriculture. 
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Table 2. Physicochemical analysis of soil used in the experiment 

Parameters Values Units Optimal Range 

pH 7.15 – 6–7.2 

Electrical Conductivity 0.485 dS/m – 

Available Potassium 212.4 mg/kg >110 

Available Phosphorus 31.42 mg/kg 10–20 

Available Nitrogen 159 mg/kg >140 

Organic Matter 1.33 % >3 

Clay 11.6 % 30 

Silt 12.5 % 30 

Sand 75.9 % 40 

Soil Texture Sandy loam – – 

CO3 as CaCO3 17.44 % – 

CO3 dissolved Negligible – – 

HCO3 dissolved 9.0 mg/kg – 

Soluble Na 15.34 mg/kg – 

Soluble K 22.96 mg/kg 5–50 

Soluble Ca 48.0 mg/kg 1–50 

Soluble Mg 2.58 mg/kg 5–100 

Total Fe 1825 mg/kg 1000–10000 

 

 Plant Material 

      Uniform one-year-old seedlings of 

Paulownia tomentosa (Thunb.) Steud. 

Swingle raised in polyethylene bags were 

obtained from the Department of 
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Horticulture, College of Agriculture, 

University of Duhok. At the end of February 

2025, seedlings were transferred to the study 

site, in Akre forest nursery, belonging to the 

General Directorate of Forests and Range 

land, irrigated for one week, and 

subsequently transplanted into the prepared 

pots. Initial measurements of seedling stem 

height (at ground level to apex, nearest 0.5 

cm) and stem diameter (at ground level, 

nearest 1.0 cm) were recorded using a 

Vernier caliper tool of accurate 

measurement.  

. 

 

 Experimental design and treatments 

      The pot-culture experiment was 

conducted outdoors and arranged in a 

randomized complete block design (RCBD) 

as described by [7]. Seven treatments were 

applied: three concentrations of lead (200, 

400, and 600 mg kg⁻ ¹ dry soil), three 

concentrations of cadmium (20, 40, and 60 

mg kg⁻ ¹ dry soil), and a control treatment 

without pollutants. Each treatment was 

replicated four times. 

     At the beginning of February 2025, soils 

in the pots were contaminated with lead in 

the form of Pb(NO₃ ) ₂  and cadmium in the 

form of Cd(NO₃ ) ₂ . The pollutants were 

dissolved in deionized distilled water and 

applied to the soil at water-holding capacity 

to ensure uniform distribution. In total, 28 

experimental units were established, each 

consisting of three pots, giving a total of 84 

pots. The experimental units were 

distributed randomly across four blocks to 

minimize experimental error [7]. 

     The contaminated soils were incubated 

for three weeks with regular irrigation using 

deionized distilled water to stabilize the 

added pollutants. At the end of February 

2025, one-year-old Paulownia tomentosa 

seedlings were transplanted into the treated 

soils, one seedling per pot. Immediately 

after transplanting, the seedlings were 

irrigated with artesian well water to soil-

water holding capacity to ensure proper 

penetration of lead and cadmium into the 

soil. Routine tending operations, including 

watering and weeding, were carried out 

regularly throughout the experiment. 

Irrigation Water Analysis 

The physical and chemical properties 

of the artesian well water used for irrigating 

the seedlings were analyzed as presented in 

table (3). in accordance with the standard 

procedures indicated by ([11] at the 

Research Center Laboratory, College of 

Agriculture. 
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   Table 3. Physical and chemical characteristics of water used for watering seedlings 

Parameters Values Units Permissible Limit 

Turbidity 0.9 NTU 5 

Color Clear – – 

pH 7.50 – 6.5–8.5 

Electrical Conductivity 633.5 µS/cm – 

Total Dissolved Solids 405.4 mg/L 1000 

Total Alkalinity 224.0 mg/L 125–200 

Total Hardness 308.0 mg/L 100–500 

Calcium 64.0 mg/L 75–200 

Magnesium 36.1 mg/L 30–150 

Chloride 44.0 mg/L 250 

Sulfate 33.2 mg/L 250 

Sodium 3.3 mg/L 200 

Potassium 0.4 mg/L 2–3 

Nitrate 22.0 mg/L 50 

 

Statistical Analysis 

     Data were analyzed using one-way 

ANOVA under the randomized complete 

block design (RCBD) framework as 

described by [7]. The SAS statistical 

software package (Version 9.0; SAS 

Institute, 2010) was employed for all 

computations. Treatment means were 

compared using Duncan’s Multiple Range 

Test [7] at a significance level of p < 0.05. 

Plant Sampling and Growth 

Measurements 

     In early November 2025, after two 

successive growing seasons (spring and 

autumn), biometric measurements were 

recorded for each treatment and replicate of 

Paulownia tomentosa. Plant height was 

measured from ground level to the apex to 

the nearest 0.5 cm, while stem diameter was 

measured at ground level to the nearest 1.0 

cm using a Vernier caliper for precision. 

   These measurements were used to 

calculate growth increments for both 

parameters relative to their initial values at 

the beginning of the experiment. Growth 

increase was expressed as a percentage, 

following the method described by [9]. 

Leaf Area and Physiological 

Measurements 

For each treatment, four seedlings of 

Paulownia tomentosa were selected. Mature, 

fully expanded leaves were harvested from 

three canopy positions (top, middle, and 

bottom) to estimate leaf area and 

physiological traits. 
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Leaf area (cm²) was determined using the 

ImageJ software following the procedure 

described by [25]. 

Sub-root Number 

   The number of sub-roots per plant was 

calculated from the number of emerging 

roots from the main root. 

Leaf Relative Water Content (LRWC) 

       Relative water content (RWC) was 

estimated according to the method of [4]. 

Fresh weight (FW) of leaves was recorded, 

after which samples were immersed in 

distilled water for 3 h to obtain turgid weight 

(TW). Leaves were then oven-dried at 80°C 

for 24 h to determine dry weight (DW). 

RWC was calculated using the formula: 

RWC(%)=[(FW−DW) \ (TW−DW)] ×100 

Where: FW = fresh weight of leaf; TW = 

turgid weight after soaking; DW = dry 

weight after oven drying. 

Chlorophyll and Biomass Measurements 

Total Chlorophyll  

  Leaf chlorophyll content was measured 

non-destructively using a SPAD 502 

chlorophyll meter, based on light 

transmittance through leaves, following the 

method described by [16]. Two readings per 

leaf were taken midway between the midrib 

and margin, and the average value was 

recorded. 

Chlorophyll Stability Index (CSI%) 

 CSI% was determined according to [23] 

and calculated as: 

CSI (%)= 

(Total Chl under stress\Total Chl under cont

rol) ×100 

Membrane Stability Index (MSI)  

   MSI was estimated following [22], as 

modified by [18]. Fresh leaf samples (200 

mg) were divided into two sets and placed in 

test tubes containing 10 ml of double 

distilled water. One set was heated at 40°C 

for 30 min, and electrical conductivity (C1) 

was measured. The second set was boiled at 

100°C for 10 min, and conductivity (C2) 

was recorded. MSI was calculated as: 

MSI(%)=[1−(C1\C2)] ×100 

Biomass Measurement  

   Seedlings from each treatment and 

replicate were carefully removed from the 

plastic pots and cleaned of soil adhering to 

roots using tap water. They were placed in 

cardboard bags and transported to the central 

research laboratory of the College of 

Agriculture. Fresh plant samples were 

separated into roots, stems, and leaves, 

washed with distilled water, air-dried, and 

then oven-dried separately at 65 °C until 

constant weight was achieved, following the 

method of [9]. 

Leaf Weight Ratio (LWR)  

LWR was calculated as reported by [19]: 

LWR=DW leaf \ DW plant 

Where: DW leaf = dry weight of leaves; 

DW plant = total dry weight of plant. 

Root/Shoot Ratio 
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    The root/shoot ratio was calculated based 

on the dry weights of roots, stems, and 

leaves, as indicated by [34]: 

R/S=DW root\ DW shoot 

Where: DW root = dry weight of roots; DW 

shoot = dry weight of stems + leaves. 

Heavy Metal Content and Uptake 

   Contents of lead and cadmium in different 

plant parts (expressed as mg kg⁻ ¹ dry 

weight), and uptake of lead and cadmium by 

different plant parts (expressed as mg), were 

calculated as reported by [2]. Dried plant 

samples were ground to fine powder, and 

0.5 g of each sample was digested with 

HNO₃ :HClO₄  (4:2) until clear, following 

the method of [11]. Pb and Cd 

concentrations were determined using 

Atomic Absorption Spectrophotometry 

(AAS). 

Heavy Metal Uptake and 

Phytoremediation Efficiency Parameters 

Heavy Metal Uptake (HMU)  

  Heavy metal uptake (mg plant⁻ ¹) was 

calculated using the formula: 

HMU= (HM content× DW) \1000 

Where: HM content = Pb or Cd 

concentration in plant tissue (mg kg⁻ ¹ DW); 

DW = biomass of tissue (g) [2]. Total uptake 

(mg plant⁻ ¹) was determined as the sum of 

uptake by leaves, stems, and roots. 

Translocation Factor (TF)  

Translocation Factor (TF) The 

translocation factor was calculated as 

reported by [3], by dividing the 

concentration of heavy metals in the shoot 

system by the concentration in the root 

system: 

TF= HM shoot\ HM root 

Where: HM shoot = heavy metal 

concentration in shoots; HM root = heavy 

metal concentration in roots. 

Bioaccumulation Factor (BAC) 

    The bioaccumulation factor was 

calculated as reported by [35]: 

BAC=HM shoot \ HM soil 

Where: HM shoot = concentration in shoots; 

HM soil = concentration in soil. 

Bioconcentration Factor (BCF) The 

bioconcentration factor was calculated as 

reported by [35]: 

BCF=HM root\ HM soil 

Where: HM root = concentration in roots; 

HM soil = concentration in soil. 

Remediation Factor (RF%) The 

remediation factor was calculated according 

to [24]: 

RF (%)= [(HM plant ×B plant) \(HM soil 

×W soil)] ×100 

Where: HM plant = heavy metal content in 

plant biomass; B plant = dry biomass yield 

of plant; HM soil = heavy metal 

concentration in soil; W soil = soil weight 

per pot (g). 
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Tolerance Index (TI) The tolerance index 

was calculated according to [33], based on 

the dry weight of the entire plant: 

TI= DW treated \ DW control 

Where: DW treated = total dry weight of 

plants under heavy metal treatment; DW 

control = total dry weight of control plants. 

Results and discussion 

Vegetative growth performance of Paulownia tomentosa seedlings under Pb and Cd stress 

     Data in Table 4 indicate that vegetative 

growth traits of Paulownia tomentosa 

seedlings were negatively affected by Pb 

and Cd treatments at p < 0.05, with dose-

dependent reductions. Pb stress caused 

notable declines, particularly in leaf area, 

which showed the strongest inhibition. At 

Pb600, reductions reached 8.6% in stem 

height increment, 21.6% in stem diameter 

increment, 32% in leaf area, and 24.6% in 

the number of sub-roots per plant compared 

to the control treatment. These results 

demonstrate Pb’s pronounced suppression of 

photosynthetic surface development and 

shoot expansion. 

    Similarly, Cd stress produced 

comparatively stronger effects on most 

vegetative traits except leaf area. At Cd60, 

reductions reached 9.6% in stem height 

increment, 23.23% in stem diameter 

increment, 13.85% in leaf area, and 40% in 

the number of sub-roots per plant compared 

to the control. Leaf area remained stable at 

Cd20 levels, close to control, but root 

branching was severely impaired at higher 

Cd levels, indicating Cd’s stronger effect on 

below-ground growth. 

    The observed patterns can be attributed to 

differences in the physiological behavior of 

the two metals within plant tissues. Pb is 

poorly mobile in the xylem and tends to 

accumulate in roots and basal tissues, 

leading to impaired water and nutrient 

transport and reduced shoot elongation. Its 

interference with cell wall integrity and 

photosynthetic processes explains the 

pronounced reductions in leaf area. Cd, by 

contrast, exhibits greater mobility due to its 

chemical similarity to essential divalent 

cations such as Zn²⁺  and Ca²⁺ , allowing 

translocation to shoots. This mobility helps 

maintain leaf area at lower Cd doses but 

disrupts root development by interfering 

with root meristem activity and nutrient 

uptake pathways, resulting in reduced root 

branching at higher Cd levels. 

    These findings are consistent with 

previous studies: Pb-induced reductions in 

stem growth and leaf area in Paulownia 

hybrids [26]; significant decreases in 

vegetative growth under Pb contamination 

[36]; natural variation in root branching 

under Cd stress [15]; sensitivity of leaf area 

and stem diameter of Paulownia to heavy 

metals [32]; Pb-induced suppression of 

shoot growth in P. fortunei [5]; and Cd-

reduced root branching and leaf expansion 

in P. tomentosa [12]. Collectively, these 

results confirm that P. tomentosa exhibits 

dose-dependent reductions in vegetative 

growth under Pb and Cd stress, with Pb 

exerting stronger inhibitory effects on shoot 

traits and Cd more strongly affecting root 

development. 
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Table 4. Vegetative growth performance of Paulownia tomentosa seedlings under Pb and 

Cd stress. 

Treatment (mg 

kg⁻ ¹) 

Stem height increment 

(%) 

Stem diameter 

increment (%) 

Leaf area 

(cm²) 

Sub-root 

Number 

Control 233.210 a 264.500 a 125.600 a 25.000 a 

Pb200 224.210 b 237.575 b 114.940 b 24.000 ab 

Pb400 217.530 bc 222.625 d 109.540 c 21.000 c 

Pb600 212.303 c 207.175 f 94.700 d 17.000 d 

Cd20 219.380 bc 233.275 c 125.000 a 23.000 b 

Cd40 215.570 bc 217.850 e 116.340 b 20.000 c 

Cd60 210.760 c 203.050 g 108.210 c 15.000 e 

Means followed by the same letter are not significantly different according to Duncan’s Multiple 

Range Test at (p < 0.05). 

 

Physiological response of Paulownia tomentosa seedlings under Lead and Cadmium stress 

     The results represented in Table 5 

demonstrated that physiological traits of 

Paulownia tomentosa seedlings showed 

significant sensitivity to Pb and Cd 

treatments. Pb stress exhibited stronger 

inhibitory effects on chlorophyll content, 

leaf relative water content (LRWC%), 

membrane stability index (MSI), and 

chlorophyll stability index (CSI) than Cd, 

particularly at higher concentrations, leading 

to progressive declines, reaching reductions 

of 17.2%, 13.4%, 21.1%, and 17% 

respectively with Pb600 compared to the 

highest values at control treatment of each 

trait. By contrast, Cd stress gradually 

reduced these traits but with comparatively 

moderate effects, reaching reductions of 

14.5%, 11.2%, 18.9%, and 14.6% 

respectively with Cd60 compared to control 

treatments. At Cd20, values remained close 

to control treatments. 

    Pb primarily disrupted chlorophyll 

metabolism and membrane integrity, 

causing sharper declines in SPAD and CSI 

due to interference with biosynthesis and 

photosystem II activity, while Cd reductions 

were less severe, due to its indirect impact 

via competition with Zn²⁺ , Ca²⁺ , and 

Mg²⁺ . Cd stress more directly impaired 

LRWC, consistent with its disruption of 

Ca²⁺ -mediated osmotic regulation, whereas 

Pb reductions in LRWC were secondary to 

its effects on chlorophyll and membranes. 

Finally, Pb stress produced the strongest 

declines in MSI and CSI, reflecting 
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oxidative damage and lipid peroxidation, 

while Cd also reduced these indices but with 

moderate effect, suggesting partial tolerance 

at lower doses. 

    These findings are consistent with 

previous studies: reductions in chlorophyll 

and water status in Paulownia hybrids [26]; 

oxidative stress and decreased chlorophyll 

stability in P. tomentosa [36]; Cd’s impact 

on LRWC and MSI in naturally polluted 

soils [15]; and Pb-induced suppression of 

chlorophyll fluorescence in P. fortunei [5]. 

Table 5. Physiological Response of Paulownia tomentosa seedlings under Lead and 

Cadmium stress  

Treatment 

(mgkg
-1

 ) 

Chlorophyll 

Content (SPAD) 
LRWC (%) MSI (%) CSI 

Control 41.300 a 93.575 a 90.000 a 100.00 a 

Pb200 39.000 ab 86.525 d 83.000 c 94.375 d 

Pb400 37.505 abc 82.550 e 77.000 e 91.000 e 

Pb600 34.200 c 81.050 f 71.000 f 83.000 g 

Cd20 40.300 a 92.275 b 85.000 b 97.550 b 

Cd40 39.700 a 88.175 c 79.000 d 96.075 c 

Cd60 35.300 bc 82.975 e 82.975 c 85.400 f 

Note: Means followed by the same letter(s) within a column are not significantly different 

according to Duncan’s Multiple Range Test (p < 0.05). 

Biomass allocation response in Paulownia 

tomentosa seedlings under Pb and Cd 

Stress 

      The findings in Table 6 showed that 

biomass allocation in Paulownia tomentosa 

seedlings revealed distinct patterns of 

tolerance and adaptation under Pb and Cd 

stress. Pb stress showed stronger inhibitory 

effects on biomass allocation compared to 

Cd stress. Pb stress significantly declined 

roots, stems, leaves, total shoots, and total 

biomass, recording the lowest values with 

reductions of 8.6%, 21.6%, 32%, and 24.6% 

respectively at Pb600 compared to the best 

performance of these traits at control 

treatment. Likewise, Cd stress reduced these 

traits by 14%, 26%, 17%, and 25% 

respectively with Cd60, compared to the 

highest values of these traits at control 

treatments, maintaining relatively higher 

values than Pb stress. 

   These findings indicate that Pb stress 

showed stronger inhibitory effects on 

biomass accumulation, particularly in roots 
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and leaves, while Cd stress caused relatively 

moderated reductions in stems and shoots, 

despite root biomass being more severely 

affected under Cd60. The sharper decline in 

leaf dry weight under Pb stress reflects its 

strong interference with photosynthetic 

capacity, while Cd stress, despite reducing 

root biomass substantially, permitted 

relatively better shoot development. 

   The reasons for these contrasting 

responses are due to the physiological 

behavior of the two metals within plant 

tissues as mentioned earlier. Thus, P. 

tomentosa exhibits contaminant-specific 

allocation strategies: Pb stress leads to 

overall biomass suppression, particularly in 

roots and leaves, while Cd stress alters 

biomass distribution by reducing root 

investment but permitting relatively better 

shoot growth. 

     These findings are in agreement with 

results obtained by several researchers on 

the effects and behavior of Pb and Cd in 

different plant tissues. Pb-induced 

reductions in root and leaf biomass in 

Populus deltoides [30] confirmed the strong 

root sensitivity observed. Cd stress in Salix 

matsudana reduced root biomass but 

allowed partial shoot maintenance [29], 

paralleling the Cd-induced redistribution in 

P. tomentosa. Pb accumulation in 

Eucalyptus camaldulensis suppressed leaf 

biomass more severely than stem biomass 

[24], consistent with our leaf sensitivity 

results. Cd mobility in Brassica napus 

showed that Cd translocation to shoots 

mitigated stem biomass loss [10], similar to 

our findings. Pb-related reductions in total 

biomass of Paulownia elongata [13] 

confirmed the stronger suppression of 

overall growth under Pb contamination. Cd-

induced changes in biomass partitioning in 

Helianthus annuus [27] showed reduced 

root allocation but relatively stable shoot 

biomass. 

    Generally, these comparisons explain that 

Pb toxicity is more destructive to root and 

leaf biomass, while Cd stress primarily 

alters allocation patterns by reducing root 

investment but permitting moderate shoot 

development. 

Table 6. Biomass (g) response of Paulownia tomentosa seedlings under Pb and Cd stress  

Treatment (mg kg⁻ ¹) 
Root dw 

(g) 

Stem dw 

(g) 

Leaf dw 

(g) 

Shoot dw 

(g) 
Total dw (g) 

Control 150.000 a 125.350 a 46.050 a 171.400 a 321.850 a 

Pb200 130.000 b 113.600 d 37.000 d 150.600 d 280.600 b 

Pb400 125.025 c 111.550 e 34.250 e 145.600 e 270.850 d 

Pb600 107.500 e 98.550 g 29.350 f 127.850 g 235.400 g 

Cd20 118.100 d 120.650 b 40.000 b 160.650 b 278.750 c 

Cd40 108.725 e 116.925 c 37.500 c 154.375 c 263.050 e 

Cd60 100.000 f 108.550 f 34.000 e 142.550 f 242.600 f 

Note: Means followed by the same letter(s) within a column are not significantly different 

according to Duncan’s Multiple Range Test (p < 0.05). 
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Biomass allocation Indices (LWR; R/SR ) of Paulownia tomentosa seedlings under Pb and 

Cd Stress 

   Table 7 presented significant variation 

among Pb and Cd treatments in their effects 

on Leaf Weight Ratio (LWR) and 

Root/shoot Ratio (R/SR). Under Pb 

exposure, LWR reduced from 0.143 in the 

control to 0.124 at Pb600 (13.3% reduction), 

indicating reduced allocation of biomass to 

leaves as Pb concentration increased. In 

contrast, Cd treatments maintained relatively 

stable LWR values, with 0.143 at Cd20 (no 

change compared to control), 0.142 at Cd40 

(0.7% reduction), and 0.140 at Cd60 (2.1% 

reduction). 

     Whereas, R/SR values under Pb stress 

remained close to the control (0.875 vs. 

0.840 at Pb600, 4.0% reduction), showing 

that Pb stress did not markedly alter 

root/shoot balance. Conversely, Cd stress 

produced substantial reductions in R/SR, 

with values decreasing from 0.875 in the 

control to 0.701 at Cd60 (19.9% reduction), 

indicating a shift in biomass allocation away 

from roots toward shoots. 

    These results demonstrate that Pb stress 

reduced leaf allocation but maintained 

root/shoot balance, while Cd stress 

preserved leaf allocation but significantly 

reduced root investment. The sharper 

decline in LWR under Pb stress indicates its 

stronger inhibition of leaf biomass 

accumulation, whereas Cd stress allowed 

more consistent leaf allocation but altered 

partitioning by reducing root biomass. The 

reasons for these contrasting responses are 

due to the physiological behavior of the two 

metals within plant tissues as mentioned 

before with biomass allocation. 

    Our findings are in accordance with 

evidence of contaminant-specific allocation 

strategies in woody plants: Pb-induced 

reductions in leaf allocation indices in 

Populus nigra [37]; Cd-related decreases in 

root/shoot ratios in Salix viminalis [36]; Pb 

sequestration in roots of Eucalyptus 

camaldulensis maintaining root/shoot 

balance despite reduced leaf allocation [24]; 

and Cd-driven shifts in biomass allocation 

toward shoots in Acacia auriculiformis [28]. 
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Table 7. Biomass allocation indices (LWR and R/SR) of Paulownia tomentosa seedlings 

under Pb and Cd stress  

Treatment (mg kg⁻ ¹) LWR R/SR 

Control 0.143 a 0.875 a 

Pb200 0.131 c 0.863 b 

Pb400 0.126 d 0.857 c 

Pb600 0.124 e 0.840 d 

Cd20 0.143 a 0.735 e 

Cd40 0.142 a 0.704 f 

Cd60 0.140 b 0.701 g 

Note: Means followed by the same letter(s) within a column are not significantly different 

according to Duncan’s Multiple Range Test (p < 0.05). 

 

Heavy Metal Content and Uptake in 

Paulownia tomentosa seedlings under Pb 

and Cd Stress 

     Data in Table 8 indicated that the 

contents of Pb and Cd in roots, stems, and 

leaves of seedlings increased significantly 

with increasing concentrations of both 

metals in soil. The highest contents of Pb in 

roots, stems, and leaves increased by 53%, 

78%, and 52% respectively at Pb600 

compared to Pb200. Likewise, uptake of 

roots, stems, and leaves increased by 22%, 

55%, and 16.5% respectively at Pb600 

compared to the lowest uptake values at 

Pb200. Notably, leaf uptake showed a 

modest rise of 16.5% at Pb400, but then 

declined sharply (47% reduction compared 

to Pb400), indicating stress-induced 

inhibition of leaf accumulation at higher Pb 

levels. Total uptake increased by 29% at 

Pb600 compared to Pb200, confirming dose-

dependent enhancement of Pb sequestration. 

    For Cd, contents in roots, stems, and 

leaves increased by 6.8%, 20%, and 82% 

respectively at Cd60 compared to Cd20. 

Total uptake increased by 24% at Cd60 

compared to Cd20, reflecting Cd’s mobility 

to shoots but overall lower remediation 

potential compared to Pb. These results 

demonstrate that Pb stress resulted in greater 

accumulation and uptake than Cd stress, 

particularly in roots and stems, confirming 

P. tomentosa’s strong capacity for Pb 

sequestration. Cd stress, however, showed 

higher relative mobility to shoots, as 

evidenced by the large percentage increase 

in leaf uptake, but contributed less to total 

uptake. This indicates that P. tomentosa 

adapts its phytoremediation strategy 

depending on the contaminant: Pb favors 
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root sequestration and overall uptake, while 

Cd promotes shoot translocation but with 

lower remediation efficiency. 

     Physiologically, these patterns reflect the 

distinct behaviors of Pb and Cd within plant 

tissues as mentioned earlier. Our findings 

are consistent with evidence of contaminant-

specific uptake strategies in woody plants: 

Pb retention in roots of Eucalyptus 

camaldulensis [24]; Cd-induced increases in 

BAC and BCF in Brassica napus [35]; Pb 

sequestration in roots of Acacia 

auriculiformis [28]; Cd mobility in Salix 

matsudana [29]; Pb accumulation in roots 

and stems of Paulownia elongata [13]; Cd-

induced increases in leaf uptake in Populus 

tremula [40]; and Pb-induced reductions in 

root and leaf biomass in Populus deltoides 

[30]. 

Table 8. Mean Content (mg kg⁻ ¹) and Uptake (mg) of Pb and Cd in Paulownia tomentosa 

Seedlings under Pb and Cd sress 

Treatment 

(mg 

kg⁻ ¹) 

Rootconc. 

(mg kg⁻ ¹) 

Stemconc. 

(mg kg⁻ ¹) 

Leafconc. 

(mg kg⁻ ¹) 

Root 

uptake 

(mg) 

Stem 

uptake 

(mg) 

Leaf 

uptake 

(mg) 

Totaluptake 

(mg plant⁻ ¹) 

Pb200 48.625 c 20.175 c 32.675 c 6.550 c 2.290 c 1.210 b 10.050 c 

Pb400 58.150 b 26.250 b 41.300 b 7.250 b 2.930 b 1.410 a 11.600 b 

Pb600 74.350 a 36.050 a 49.750 a 8.000 a 3.560 a 1.46 13.025 a 

Cd20 11.050 c 5.950 c 18.525 c 1.305 c 0.720 c 0.74 c 2.465 c 

Cd40 12.600 b 6.750 b 20.775 b 1.368 b 0.785 b 0.778 b 2.933 b 

Cd60 13.950 a 7.950 a 23.500 a 1.393 a 0.865 a 0.798 a 3.058 a 

Means followed by the same letter are not significantly different according to Duncan’s Multiple 

Range Test at p < 0.05. 

 

Phytoremediation efficiency Indices of 

Paulownia tomentosa under Pb and Cd 

Stress 

      It is obvious from The results in Table 9 

showed that the values of translocation 

factor (TF) for both Pb and Cd increased 

with increasing levels of both metals in the 

soil. Under Cd, TF ranged from 2.22–2.25, 

which was greater than under Pb (1.08–

1.15), representing a 100% increase and 

indicating enhanced Cd mobility from roots 

to shoots. These results demonstrate that P. 

tomentosa exhibits two distinct 

phytoremediation strategies. Under Pb 

stress, plants retained more metal in roots 

with reduced translocation, reflecting a 

defensive mechanism to limit Pb toxicity in 

photosynthetic tissues. Under Cd stress, 

plants enhanced shoot translocation and 
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accumulation, improving phytoextraction 

potential but reducing root investment. 

     Several factors in our study can explain 

the relatively high value of Pb TF: a. Soil 

medium: sandy loam soil has moderate 

binding capacity and added organic matter 

formed soluble Pb–organic complexes, 

increasing availability for uptake. [31, 14]. 

b. Plant physiology: traits such as high 

transpiration and chelation facilitate Pb 

movement [20, 17]. c. Duration: extended 

exposure (8 months) promoted Pb 

accumulation and translocation [20]. d. 

Concentration gradient: moderate Pb 

levels promoted translocation, while 

extreme levels impaired vascular transport 

[21]. e. Protective strategy: redistribution 

to shoots reduces root toxicity [38, 39]. 

    Our findings are in accordance with Pb 

sequestration in roots of Paulownia elongata 

[13]; Cd-driven phytoextraction efficiency 

in Helianthus annuus [27]; Pb retention in 

roots of Eucalyptus camaldulensis [24]; Cd 

translocation efficiency in P. tomentosa 

[12]; higher Cd TF values in Populus 

tremula [40]; Cd-induced increases in BAC 

and BCF in Brassica napus [35]; Cd 

mobility in Salix matsudana [29]; enhanced 

Cd uptake in Paulownia elongata with 

mycorrhizal fungi [13]; and Cd 

accumulation efficiency in Paulownia 

hybrids under industrial pollution [6]. 

     On the other hand, values of 

bioconcentration factor (BCF), 

bioaccumulation coefficient (BAC), 

remediation factor (RF%), and tolerance 

index (TI) decreased significantly with 

increasing concentrations of both metals in 

soil. BAC under Cd20 (1.22) was higher 

than Pb200 (0.26) by 370%, and BCF under 

Cd20 (0.55) exceeded Pb200 (0.24) by 

129%. RF% decreased under Pb stress (from 

0.24% at Pb200 to 0.10% at Pb600, a 58.3% 

reduction), suggesting weaker root retention 

of Pb at higher concentrations, while under 

Cd stress, RF% ranged between 0.25–0.61, 

maintaining relatively higher values. TI 

decreased from 0.873 at Pb200 to 0.731 at 

Pb600 (12.7% reduction), and from 0.866 at 

Cd20 to 0.754 at Cd60 (24.6% reduction), 

indicating reduced growth tolerance at 

higher contamination levels. The sharper 

decline in TI under Pb stress reflects its 

stronger toxicity compared to Cd, while the 

higher TF, BAC, and BCF under Cd stress 

confirm its greater suitability for 

phytoextraction. 

     The tolerance of P. tomentosa to Pb and 

Cd may be related to cell partition and 

immobilization by the cell wall, where 

absorbed Pb and Cd are mainly distributed 

in cell wall components. As concentrations 

increase, they can be transferred to soluble 

parts and organelles. The decline in TI with 

increasing concentrations of Cd and Pb is 

due to stress imposed by heavy metals, 

causing inhibition of growth and reduction 

in biomass. These results are consistent with 

findings reported on Salix mucronata [8], 

Acer cappadocicum, Fraxinus excelsior, and 

Platycladus orientalis [1], and Eucalyptus 

camaldulensis [24], all of whom observed 

declines in TI values with increasing Pb and 

Cd concentrations. 

   These findings indicate that P. tomentosa 

responds to Pb stress by restricting 

translocation and showing declining RF% 

values, whereas Cd stress promotes shoot 

translocation and accumulation, confirming 

its potential as a promising candidate for Cd 

phytoextraction. 
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Table 9.  Phytoremediation efficiency indices (TF, BAC, BCF, TI, RF) of Paulownia 

tomentosa under Pb and Cd stress  

Treatment (mg 

kg⁻ ¹) 
TF BAC BCF RF (%) TI  

Pb200 1.080 c 0.260 a 0.240 a 0.24 a 0.873 a  

Pb400 1.170 a 0.170 b 0.150 b 0.14 b 0.842 b 

Pb600 1.150 b 0.140 c 0.120 c 0.10 c 0.731  c 

Cd20 2.220 b 1.220 a 0.550 a 0.61 a 0.866 a 

Cd40 2.190 c 0.690 b 0.320 b 0.36 b 0.817 b 

Cd60 2.250 a 0.530 c 0.230 c 0.25 c 0.754 c 

Means followed by the same letter(s) within a column are not significantly different according to 

Duncan’s Multiple Range Test at p < 0.05. 

Conclusion 

From the results of the current study we 

can conclude the following: -  

    1. The present study demonstrated that 

Paulownia tomentosa exhibits distinct 

tolerance and adaptation strategies under Pb 

and Cd pollutants, with Pb exerting stronger 

inhibitory effects on most vegetative growth 

and physiological traits particularly, at 

Pb600, reflecting severe impairment of 

photosynthetic capacity, water relations, and 

membrane stability. In contrast, Cd stress 

revealed more gradual reductions, 

particularly at Cd20 maintaining values 

close to control, suggesting partial resilience 

through osmotic adjustment, antioxidant 

activation, and stabilization of chloroplast 

membranes. 

   2. Pb stress restricted root and shoot 

development, with strong immobilization in 

roots, showing phytostabization potential. 

while Cd stress allowed proportionally 

higher shoot allocation, showing greater 

mobility and phytoextraction potential into 

aerial tissues, confirming its suitability for 

phytoextraction. 

   3. According to phytoremediation 

efficiency indices, Pb treatments exhibited 

relatively lower values of (TF), (BAC), 

(BCF), and limited remediation efficiency 

(RF%). Conversely, Cd treatments revealed 

higher values of (TF), (BAC), (BCF), and 

relatively higher of (RF%) values 

particularly at Cd20), confirming strong 

accumulation and translocation potential. 

    4. Accordingly, P. tomentosa employs a 

dual phytoremediation strategy: Pb 

phytostabilization through root 

sequestration with declining (RF%) 

values at higher concentrations, and Cd 

phytoextraction through efficient uptake, 

translocation, and relatively higher 

(RF%) values. This dual capacity positions 

P. tomentosa as a promising candidate for 
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remediation of Pb and Cd contaminated 

soils. 
Recommendations 

Based on the obtained results, we can 

recommend the following:  

   1. Paulownia tomentosa should be 

prioritized for remediation of Cd-polluted 

soils, given its demonstrated tolerance, high 

bioconcentration, and effective remediation 

factors. 

   2. Future research should compare 

different Paulownia species and hybrids 

under field conditions to identify genotypes 

with superior tolerance and remediation 

capacity for specific metals. 

    3. Long-term field trials across diverse 

soil types and contamination regimes are 

essential to validate scalability, ecological 

sustainability, and practical application. 

    4. Further studies should be conducted on 

impact of heavy metals on the factors and 

concentrations of plant hormones, enzymes 

related to action of environmental stress, to 

reduce their harmful effects.  



Euphrates Journal of Agricultural Science-18 (1): ??-?? , (Mar.2026)                           Younus et al. 

 
  ISSN 2072-3857           

 
1476 

References  

1. Abbasi, M., et al. (2017). Effects of Pb 

and Cd on Acer cappadocicum, 

Fraxinus excelsior, and Platycladus 

orientalis. Environmental Science 

Journal, 12(3), 145–152. 

2. Allen, S. E. (1989). Chemical analysis 

of ecological materials. Oxford: 

Blackwell Scientific Publications. 

3. Baker, A. J. M., & Brooks, R. R. 

(1989). Terrestrial higher plants which 

hyperaccumulate metallic elements. 

Biorecovery, 1(2), 81–126. 

4. Barrs, H. D., & Weatherley, P. E. 

(1962). A re-examination of the 

relative turgidity technique for 

estimating water deficits in leaves. 

Australian Journal of Biological 

Sciences, 15(3), 413–428. 

5. Chen, L., et al. (2007). Pb-induced 

suppression of shoot growth in 

Paulownia fortunei. Plant Physiology 

Reports, 25(4), 233–240. 

6. Dimitrov, D., et al. (2017). Growth and 

Cd accumulation efficiency in 

Paulownia hybrids near industrial sites. 

Ecotoxicology and Environmental 

Safety, 145, 123–131. 

7. Duncan, D. B. (1955). Multiple range 

and multiple F tests. Biometrics, 11(1), 

1–42. 

8. El-Mahrouk, M. E., et al. (2014). 

Heavy metal tolerance in Salix 

mucronata. International Journal of 

Phytoremediation, 16(9), 875–885. 

9. Hunt, R. (1982). Plant growth 

analysis. London: Edward Arnold. 

10. Huang, Y., et al. (2017). Cd mobility 

and shoot translocation in Brassica 

napus. Environmental Pollution, 220, 

114–121. 

11. Jackson, M. L. (1973). Soil chemical 

analysis. Englewood Cliffs, NJ: 

Prentice Hall. 

12. Li, T., et al. (2008). Cd-reduced root 

branching and leaf expansion in 

Paulownia tomentosa. Plant and Soil, 

306(1–2), 153–162. 

13. Li, X., et al. (2010). Pb-related 

reductions in biomass of Paulownia 

elongata. Environmental and 

Experimental Botany, 68(2), 177–183. 

14. Li, Y., et al. (2016). Dissolved organic 

matter enhances Pb uptake in Brassica 

chinensis. Chemosphere, 148, 441–

447. 

15. Liu, J., et al. (2004). Natural variation 

in root branching under Cd stress. 

Plant Physiology, 134(3), 936–948. 

16. Minolta Co. (1989). Manual for 

SPAD-502 chlorophyll meter. Osaka, 

Japan: Minolta Camera Co. 

17. Page, V., & Feller, U. (2015). Heavy 

metal redistribution in crops. 

Agronomy for Sustainable 

Development, 35(3), 939–954. 

18. Premachandra, G. S., et al. (1990). 

Membrane stability index under stress 

conditions. Plant Physiology, 93(2), 

439–442. 

19. Radford, P. J. (1967). Growth analysis 

formulae: Their use and abuse. Crop 

Science, 7(3), 171–175. 

20. Rahman, M. A., et al. (2024). Pb 

uptake and translocation in woody 

plants. Environmental Reviews, 32(1), 

45–59. 

21. Rezvani, M., & Zaefarian, F. (2011). 

Translocation factor and heavy metal 

transfer in plants. Ecotoxicology and 

Environmental Safety, 74(3), 569–575. 

22. Sairam, R. K. (1994). Membrane 

stability index as a measure of stress 

tolerance. Indian Journal of Plant 

Physiology, 37(2), 93–99. 

23. Sairam, R. K., et al. (1997). 

Chlorophyll stability index under 

stress. Indian Journal of Plant 

Physiology, 2(1), 41–45. 

24. Santos, C., et al. (2006). Pb 

accumulation in Eucalyptus 

camaldulensis. Environmental and 



Euphrates Journal of Agricultural Science-18 (1): ??-?? , (Mar.2026)                           Younus et al. 

 
  ISSN 2072-3857           

 
1477 

Experimental Botany, 58(1–2), 101–

108. 

25. Schneider, C. A., Rasband, W. S., & 

Eliceiri, K. W. (2012). NIH Image to 

ImageJ: 25 years of image analysis. 

Nature Methods, 9(7), 671–675. 

26. Shi, G., et al. (2006). Pb-induced 

reductions in stem growth and leaf area 

in Paulownia hybrids. Environmental 

and Experimental Botany, 57(1–2), 

195–202. 

27. Singh, S., & Tiwari, S. (2008). Cd-

induced changes in biomass 

partitioning in Helianthus annuus. 

Journal of Environmental Biology, 

29(6), 789–794. 

28. Singh, S., et al. (2010). Cd-driven 

shifts in biomass allocation in Acacia 

auriculiformis. Ecotoxicology, 19(6), 

1100–1107. 

29. Sun, Y., et al. (2013). Cd stress in 

Salix matsudana. Ecological 

Engineering, 57, 149–156. 

30. Tripathi, R. D., et al. (2015). Pb-

induced reductions in root and leaf 

biomass in Populus deltoides. 

Environmental Science and Pollution 

Research, 22(7), 5120–5130. 

31. Wan, X., et al. (2018). Organic matter 

alters Pb speciation and bioavailability. 

Science of the Total Environment, 634, 

122–130. 

32. Wang, Y., et al. (2005). Sensitivity of 

leaf area and stem diameter of 

Paulownia to heavy metals. Plant 

Science, 168(1), 151–156. 

33. Wilkins, D. A. (1978). The tolerance 

index for plants under heavy metal 

stress. New Phytologist, 80(3), 623–

633. 

34. Wilson, J. B. (1988). Root/shoot ratio 

analysis. Functional Ecology, 2(2), 

203–206. 

35. Zhuang, P., et al. (2007). Cd-induced 

increases in BAC and BCF in Brassica 

napus. Environmental Geochemistry 

and Health, 29(3), 281–288. 

36. Zhang, H., et al. (2002). Vegetative 

growth decreases under Pb 

contamination in Paulownia 

tomentosa. Plant and Soil, 241(2), 

197–205. 

37. García, G., et al. (2004). Pb-induced 

reductions in leaf allocation indices in 

Populus nigra. Environmental and 

Experimental Botany, 52(2), 145–152. 

38. Gonçalves Junior, A. C., et al. (2020). 

Pb redistribution in Brassica juncea. 

Environmental Science and Pollution 

Research, 27(5), 5432–5441. 

39. Ho Wai Mun, et al. (2008). Pb 

translocation in kenaf. Bioresource 

Technology, 99(6), 1234–1240. 

40. Johansson, E., et al. (2001). Cd-

induced increases in leaf uptake in 

Populus tremula. Environmental 

Pollution, 113(2), 163–170. 

 

 

 

 


