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Avrticle Info ABSTRACT

Article type: Background and Objectives: Environmental contamination by heavy
Full Length Research Paper  metals, particularly in industrial areas such as steel production facilities,
poses a serious threat to ecosystems and human health. Phytoremediation is
recognized as a sustainable and cost-effective approach for removing

Article history:

Received: 02.10.2026 pollutants such as heavy metals from soil and water. Tree species, due to
Revised: 02.28.2026 their extensive root systems, high biomass production, and perennial
Accepted: 04.15.2026 nature, are considered suitable candidates for long-term phytoremediation.

This study investigated the capacity of four tree species-Cupressus
arizonica, Morus alba, Pinus eldarica, and Robinia pseudoacacia-grown in

Eeez\\;vyoéii'imnmemal a heavy-metal-contamingted environment (the Mobarakeh Steel Complex)
Pollution, to accumulate and distribute heavy metals among roots, stems, branches,
Phytoremediation, and leaves. The trees had grown for 17 years under similar conditions with
Plant Biomass, drip irrigation in mixed stands within a single plot of approximately 0.5 ha.
Transfer Factor The main objectives were to evaluate organ-specific metal accumulation

patterns, quantify the relative contribution of each organ to remediation,
and determine the overall phytoremediation potential. The novelty of this
study lies in providing an integrated analysis of metal concentration data
together with actual biomass allocation patterns across the whole plant to
achieve a more accurate assessment of species-specific remediation
capacity.

Materials and Methods: Cadmium (Cd), copper (Cu), zinc (Zn), and iron
(Fe) were selected due to their prominent occurrence in effluents and soils
surrounding steel and metal smelting facilities. Five individuals of each
species were randomly selected. Samples were separated into major plant
organs, and after drying and grinding, metal concentrations were
determined using flame atomic absorption spectrophotometry. Transfer
factor (TF), biomass allocation, inter-metal correlations, and cumulative
metal accumulation were calculated and analyzed using a general linear
model.
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Results: Cupressus arizonica (Zn: 223 mg-kg™; Cd: 6 mg-kg™) and
Morus alba (Fe: 1336 mg-kg™%; Cu: 55 mg-kg™) showed the highest metal
concentrations, whereas Robinia pseudoacacia exhibited the lowest levels
across organs. Leaves showed the highest TF values for all metals in all
species. The highest Fe translocation was observed in Pinus eldarica leaves
(TF = 27.86), followed by Morus alba (5.96) and Cupressus arizonica
(3.69), while Cd and Zn generally showed TF values >1 in leaves. Copper
translocation was species-dependent. Strong positive correlations among
Cd, Cu, and Zn were detected in leaves of Morus (r = 0.85-0.96) and
Robinia (r = 0.88-0.93), whereas no significant correlations were observed
in Pinus. Pinus eldarica produced the highest total dry biomass (110 kg)
with dominant allocation to stems (47%) and showed the greatest total
metal accumulation, particularly for Cd, Cu, and Zn. Robinia pseudoacacia
allocated the highest biomass share to roots (36%). Despite its low total
biomass (30 kg), Morus alba exhibited high Fe and Cu accumulation in
leaves. Metal concentrations in leaves of all species exceeded reported
toxicity thresholds, indicating severe meta contamination stress.

Conclusion: The results demonstrate pronounced species-specific
differences in heavy metal accumulation, translocation, and stabilization.
Pinus eldarica is suitable for long-term metal stabilization due to high
biomass production and metal storage in stems and roots, whereas
Cupressus arizonica shows potential for combined stabilization and
extraction through substantial foliar accumulation. Morus alba and Robinia
pseudoacacia, despite lower biomass, are appropriate for restoration and
management of moderately contaminated sites due to effective metal
transfer to harvestable aerial organs. Accordingly, species selection in
phytoremediation programs should be based on dominant metal type,
contamination level, and management objectives (stabilization vs.
extraction).
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2- Hyperaccumulators
3- Transfer Factor

4- Phytoextraction

5- Phytostabilization
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Figure 1. Schematic representation of the four tree organs analyzed in this study:
root, trunk, branch, and leaf. The stump (shown in black) was excluded from measurement.

M)b}ﬁ@&ﬁﬁ&fé}jdj).bﬁ
A3 S abee O] OMl i eslizal oo sb
Jlsl L (a\.l.}‘ A S 035585 e ulul pl

A sl SOk & Sk el oS

\A4

a5 A B Ve gl s cele A Sl
))Jlﬁy;;‘\.gmﬂ}x.hi&iﬁ-oﬂ); ;ll,fdt.}lﬂ;

S s e Cushy ol 5B s S s



A ERT- I D)Loas FY 2,93 sdiég T d”l}és eole g \idg5 &g suid

B e P TN CRICPE
23 ek S el chle s b Sl el s )
e Li Olgea 5 A 4l ol Ol i O
A s oS il slaplil s IS wens

(YY) ws a S
L Laesls O3 by dul S5l e igulal Jow
s b= Ju 5l Shapiro-Wilk e
oIl p 5 (s 8 Sl s 6l (GLM)
oS Sbopg s () s wrls S
lax JalS ke s eoliad sl gla i
23 Bl el Olpea Co s a anlid Jde
oe s slacsls J L w8 bl s
Jobd oz 2050 lagane opd J S Ol
Dia ¢SS s e Sk e Sl chle
w565 Ml ghla glal Ghls (s
sl jasle (laplil s olsls clle Ske)
L3 ol a3 83555 e Aoy s (TF)
bks bodde w25 5 e glens slaesls
ol sy Gl Las giledlb s ArcSin
Tukey’s HSD x5 0051 5l cbsos S oo I3 sins
JUzl asls s 8 eslinal 740 Oliabl <l s
ool slaplil o U chle cod oo
s (pmes A i alyy s O] okl
03 e ol cble Ol b Ll o
Shar 5 5L OSUS Gleplhl 5 e S
FeS g 53 b Stan 5 LS e3litul O
LS A I e /00 51 (P) Jlezml ke 055

=W
s Gl S e s 1w ol chald
S sl Ol K Sl sl s ol
bl glaasle o VL O g slaa S

O Ol s e Lls gl Al shila

YA

0 s & Ol by O g a3 slaaipo
LA jo g e e o/0) JSVS o3Il Lol

YY)
CHFTERC P RIS P SR LI JTE RPN PR R
£l pll a S sy Sl e S Y0 (S
s Yo sl o Sl 2L
Gles ol b Digesdahl o&as s s S sla
Ak T e S an e OUS
b ad eds38l amyli Ooppon ¥ w5uSIO]
e O 3 Sl ey 3pd BSOS
S s ekl xd s 00 w0 Jhaie ST L J o
Olsls clale ad eals pe 1Y ojled eily Slo
(GBC 932 PLUS) (slaled a3l o olKamus L
OF 51 U8 s (s, Seslll pg s ¥ 4 seme
Slukel clale b el sz elad  olKaus
oS elul s o IS Laie o gl PPM Ve G/
el B el polal Glag sedsb s ol
Al XYV (CU) e YYNVA (CA) psnslS 1
cble |z gl VYA (ZN) g5, 5 YEANY (Fe)
2 S k) PPM &) o b gas 55 Sl ol
dslme Vel Sl eslizal L (S 035 p SSLS

VX1++ X (A=B)
C=——— QD)

WXDM

sl Seslul clls A Llg clble C ol 5«
ol boads Aol dals L e B sel
035 W (dhe) eslas ol o VoSS
3y il St 03y Ao DM (<‘J§) & ol

Azes (KU a0 slael o) B
Sleplil 53 oS ol skl (S
chl bl le els Olgsa oS il

C\J}r.lwl BE) Lhé\.:ﬁ &US 9 039555 Jo—b d‘)‘“”



OS2 g 583 (605 [ oo 65 )l 53 (i I3 20597 9 Red

23 Fe sy s e LU 65 (Jlae o

5 QUL jole chle Sle (505 grame

Alopl a8 o s il glaplll 3 15 2N

Sl 5 Sl 5 S8l el cb b L

Aol 53 Of spdome LIS amsys 5 o 5l
(Y K)ol s VL

ﬁ Robinia
ﬁ Pinus
— Morus
ﬁ Cupressus
mg/kg
1500 1000 500 0
mFe mZn

1, Zn ol s Fe 5 CUu jobe cble o 5 i
Go3 (Gam Sl Ol >}>'q.k:>',.46url,u\ 33
5 Cd ol Gl s Glazear 3 Slas 5w 455
()\j.? L L5|43)§ ()\);.944_ 5 sl olEs 3 3 Zn

I

|

mg/kg

=]

20 60

ECu mCd

40

(0 68 N 53 (K3 035 p FAS 51 0 5 ) i DI il Kl Y IS

Figure 2. Mean concentrations (mg/kg DW) of heavy metals in four tree species.
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Figure 3. Mean concentrations (mg/kg DW) of heavy metals in different plant organs in four tree species.
Different letters above the bars indicate statistically significant differences among plant organs within
each species (P<0.05).
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Table 1. Pearson correlation coefficients for metal concentration pairs across species-organ combinations.
Values are reported only for pairs with statistically significant correlations (P<0.05).

<55 gl Mo Stas g S p-value

Species Organ Metal Pair Correlation (r)

Cupressus Trunk Cd-Zn 0.899 0.015

Branch Cd-Cu 0.856 0.030

Branch Zn-Fe 0.942 0.005

Morus Leaf Cd-Cu 0.955 0.003

Leaf Cd-Zn 0.851 0.031

Leaf Cu-Zn 0.862 0.027

Root Cd-Fe 0.823 0.044

Branch Cd-Cu 0.868 0.025

Robinia Leaf Cd-Cu 0.931 0.007

Leaf Cd-Zn 0.881 0.021

Leaf Cu-Zn 0.896 0.015
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Table 2. Metal Translocation Factors (TF) in organs in four tree species.
Arrows indicate increase (1), decrease (|), or similarity (<) relative to the preceding organ within the species
(Tukey’s HSD test (P<0.05).

458 gl

TF (Cd) TF (Cu) TF (Zn) TF (Fe)
Species Organ

Trunk 0.71+0.03 0.80+0.01 0.71+0.02 0.35+0.04
Cupressus Branch 0.78+0.02 = 0.83+0.03 = 0.54+0.10 = 0.26+£0.03 =
Leaf 1.13+0.03 1 1.06+0.03 1 1.55+0.03 1 3.69+0.26 1

Trunk 0.59+0.05 0.66+0.02 0.80+0.07 0.34+0.06
Morus Branch 0.64+0.04 = 0.72+0.03 = 0.95+0.04 1 0.30£0.02 =
Leaf 1.01+0.06 1 1.02+0.06 1 1.43+0.05 1 5.96+0.52 1

Trunk 0.98+0.03 0.65+0.03 0.93+0.10 4.51+0.44
Pinus Branch 0.79+0.03 | 0.84+0.02 1 0.98+0.07 = 473047 =
Leaf 1.15+0.05 1 0.52+0.02 | 1.17+0.06 1 27.86+0.81 1

Trunk 0.48+0.08 0.66+0.07 0.90+0.04 0.28+0.01
Robinia Branch 0.75+0.02 1 0.69+0.06 =~ 0.70+0.03 | 0.21+0.02=
Leaf 1.73+0.02 1 1.66+0.08 1 1.26+0.03 1 3.09+0.31 1
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Table 3. Mean biomass allocation to organs (%o of total) and total dry biomass (kg) in four tree species.
Statistical comparisons were based on organ dry weights using Tukey’s test (P<0.05). Different Latin letters in
organ columns and Greek letters in the total biomass column indicate significant differences.
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Species Root (%) Trunk (%) Branch (%) Leaf (%) Total Biomass (kg)
Cupressus 13.98" 30.320 34.92% 20.78%f 74.65°
Morus 24.64%" 25.29%" 43.34°1 6.73' 30.13"
Pinus 24,67 47.17° 17.13% 11.03°1" 109.91*
Robinia 36.311" 35.121" 21.11" 7.46' 23.89"
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Figure 4. Total content of heavy metals in different plant organs of four tree species. Metal content is
expressed as the total amount per organ. Different letters above the bars indicate statistically significant
differences among plant parts within and across species (P<0.05).
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