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Abstract Irrigation with wastewater is a promising option to
improve crop yields and to reduce pressure on freshwater
sources. However, heavy metal concentrations in wastewater
may cause health concerns. A greenhouse pot experiment was
conducted in order to determine cadmium (Cd) and zinc (Zn)
concentrations in sandy soil and plant tissues of tomato
(Lycopersicon esculentum L.) and alfalfa (Medicago sativa
L.). A 2x2x4x2 factorial treatment arrangement was utilized.
Two water sources, fresh (FW) or treated wastewater (TWW),
at two salinity levels (1 and 3 dS m™) containing different
levels of Cd and Zn were used. Samples were collected after a
90-day growth period. It was observed that the growth of both
plants was depressed at the highest metal level (L3). Metal
accumulation in plant parts increased with the increase of
metal concentration and salinity in irrigation water. At low
salinity, water source was the main factor which controlled
metal accumulation, whereas, at high salinity, chloride ap-
peared to be the principal factor controlling metal uptake re-
gardless of water source. Metal translocation from roots to
shoots increased in TWWe-irrigated plants, even in the con-
trols. Tomatoes accumulated Cd up to and above critical levels
safe for human consumption, even though Cd concentration in
irrigation water did not exceed the current recommended
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values. Therefore, food production in sandy soils may well
pose a health hazard when irrigated with TWW containing
heavy metals. Complexation with dissolved organic com-
pounds (DOC) in TWW may be to be the principal factor
responsible for increased metal uptake and transfer at low
salinity, thereby increasing the risk of heavy metal contami-
nation of food and forage crops.

Keywords Cadmium - Zinc - Wastewater - Salinity -
Tomato - Alfalfa

Introduction

While the availability of irrigation water in arid and semi-arid
regions is the major limiting factor of agricultural production,
the quality of the available water is also important. Due to
water scarcity which is escalating in the Mediterranean coun-
tries (Aiello et al. 2007; Bakopoulou et al. 2011; Kouraa et al.
2002; Oron et al. 2001; Pedrero and Alarcén 2009), the use of
alternative irrigation sources such as treated wastewater
(TWW) has become a common practice. Alternative water
sources contribute to alleviating the pressure on freshwater
resources (Lado and Ben-Hur 2009). TWW contains nutrients
and organic carbon that are beneficial to plant growth; never-
theless, there is an increased risk of soil salinization with
TWW use (Feigin et al. 1991; Gharaibeh et al. 2007). In ad-
dition, TWW may also contain low concentrations of heavy
metals which, after long-term application, may accumulate in
the soil and crops posing environmental quality risks and
health hazards to humans and animals (Datta et al. 2000;
Nayek et al. 2010).

Metal levels in Jordanian treated wastewaters were report-
ed to be lower than the Jordanian standards (JISM 2006;
Ammary 2007). However, due to high water requirements,
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there is a potential increase in metal availability and uptake by
crops which may exceed health or fodder standards.
Therefore, there is a need to evaluate the effect of long-term
irrigation with TWW on the accumulation of heavy metals in
soil and their impact on plant uptake.

Salinity of soil and irrigation water can affect the transfer of
heavy metals into the food chain. Chloride salinity is reported to
reduce Cd sorption in soils by forming relatively strong soluble
Cd complexes (Boekhold et al. 1993; O’Connor et al. 1984), thus
increase Cd uptake in plants (McLaughlin et al. 1994; Weggler
et al. 2004). Moreover, Chaney and Oliver (1996) reported that
inorganic forms of Cd have higher phytoavailability than organic
forms. Therefore, saline irrigation water containing elevated met-
al concentrations could increase the mobility of these metals and
thus aggravate metal pollution problems. Furthermore, the solu-
bility and bioavailability of metals may also be controlled by
complexation reactions with DOM which would be likely to be
present in elevated concentrations in TWW.

Cadmium (Cd) and zinc (Zn) are commonly present in
wastewater and therefore in TWW-irrigated soils. Cadmium
is highly mobile, non-essential, toxic metal and is readily
absorbed by plant roots and translocated to above-ground
parts. On the other hand, Zn is an essential trace element for
plants and animals; however, it is phytotoxic when present at
high concentrations (Kabata-Pendias and Mukherjee 2007;
Sarwar et al. 2010). Das et al. (1997) and Cherif et al.
(2011) reported that cadmium and Zn interactions can affect
their transport and accumulation in edible plant parts. The
main objective of this study was to investigate Cd and Zn
uptake in tomato and alfalfa plants (representing the most
consumed vegetable and fodder crop in Middle east) under
the influence of two irrigation water sources: freshwater
(FW) and TWW, two salinity levels corresponding to relative
crop tolerance (low salinity (1 dS m™') and high salinity
(3 dS m ")) amended with four Cd and Zn doses to simulate
increased metal concentrations ranging from the
recommended maximum concentrations of trace elements
suggested by FAO (1992) to possible higher levels that could
contaminate irrigation water.

Materials and methods

Collection and characterization of original soil
and irrigation water

Soil material was collected from a sand-crushing facility near
Karak City, Jordan (31°22'28" N, 35° 40" 36" E). Sandy soils
are common in upland Jordanian agriculture, and their utiliza-
tion for pot trials can be considered a worst-case scenario due
to their low metal sorption capacity (Strawn et al. 2015).
Soil physicochemical analysis was performed according to
the standard methods described in Klute (1986) and
Page et al. (1982).

Two irrigation water sources were used in this experiment:
FW and TWW. FW was obtained from a groundwater well
located at Jordan University of Science and Technology
(JUST) campus, while TWW was obtained from Wadi
Hassan wastewater treatment facility. All cations and metals
were analyzed using inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) (Ciros, Spectro Analytical
Instruments GmbH, Kleve, Germany), anions using ion chro-
matography (ProfIC, Metrohm AG, Herisau, Switzerland),
and electrical conductivity (EC) and pH using EC and pH
meter (InoLab 730, WTW GmbH, Weilheim, Germany).
Chemical properties of both water sources are shown in
Table 1.

Experimental treatment design

The multi-factorial pot experiment was conducted in the agri-
cultural station greenhouse at JUST, Al-Ramtha, Irbid, Jordan
(32° 28" 44" N, 35° 59" 6" E). A total of 32 treatments were
tested, which resulted from a 2x2 x4 x2 factorial arrangement
design. Factor A was the irrigation water source with two
levels: FW and TWW. Factor B was the water salinity with
two levels: 1 and 3 dSm™ . Factor C was Cd—Zn concentration
with four levels: 0/0 mg L™ (control (C)), 0.01/2mg L™ (L1),
0.16/32mg L' (L2), and 2.56/512 mg L' (L3). Factor D was
the plant species with two types: tomato and alfalfa. Each
treatment had three replicates and, as a consequence, a total
of 96 pots were utilized. The pots containing 2.5 kg of soil
were arranged in a randomized complete block design. Two
sub-blocks were assigned for each salinity level and water
source. For alfalfa, 10-12 seeds were sown in each pot and
thinned later to two plants, while tomato plants were grown
from 5-cm seedlings for 3 months until maturity.

Salinity levels were chosen according to the guidelines of
relative crop tolerance and yield potential adapted by Maas
(1987). For both crops, full yield potential (no restriction on
use) is obtained when irrigation water salinity does not exceed
1.7 and 1.3 dS m™' for tomato and alfalfa, respectively.
Increasing the salinity of irrigation water to 3.5 dS m™" will
result in a 25 % yield reduction of both plants.

For each water source, the two salinity levels (1 or
3 dS m™") were obtained either by adding calcium chloride
hexahydrate (CaCl, 6H,0; reagent grade, Sigma-Aldrich) or
by diluting with FW to obtain the desired level.

Moreover, each water source (FW and TWW) was spiked
with four levels of Cd/Zn concentrations: 0/0 mg L™ (C),
0.01/2 mg L' (L1), 0.16/32 mg L™' (L2), and 2.56/
512 mg L™ (L3). Metal concentration in L1 corresponds to
the recommended maximum concentrations of trace elements
in irrigation water suggested by FAO (1992). Preliminary ex-
periments had shown that tomato yield was decreased only
when Zn concentrations exceeded 250 mg L', In order to
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Table 1 Chemical properties of

the original freshwater (FW) and Parameter FW TWW FW1 FW3 TWW1 TWW3
treated wastewater (TWW) and of
the waters with adjusted salinity pH 74 7.8 74 74 78 7.8
levels (FW1 and TWW1= EC (dS m™") 0.6 1.5 1 3 1 3
1dSm s FW3 and TWW3= SAR 0.7 37 0.27 025 347 170
3 dSm ') used in the greenhouse 4
experiment BOD/mg L nd 15 nd nd nd nd
COD/mg L' nd 57 nd nd nd nd
Cations/mg L™
Na* 229 161.3 13.6 257 131.6 137.1
Ca?* 25.1 70.1 130.0 751.0 69.5 449.3
Mg 30.8 41.3 3522 28.7 23.9 252
K" 3.5 <0.5 <0.5 <0.5 <0.5 <0.5
Anions/mg L'
Ccr 51.3 255 143 866 150 900
TIC (HCO;") 10.0 71.6 1.7 0.5 30.1 36.4
PO, udl 4.0 29.7 363 9.0 7.0
NO;~ 20.1 383 233 250 78.6 96.1
Metals/mg L™
Cd <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003
Zn 0.020 0.017 0.24 0.24 0.017 0.017
Cu 0.010 0.018 0.02 0.02 0.02 0.02
Pb <0.0003 0.004 <0.0003 <0.0003 0.004 0.0003
Cr udl udl udl udl udl udl

EC electrical conductivity of water sample, SAR sodium adsorption ratio, BOD biological oxygen demand, COD
chemical oxygen demand, 7/C total inorganic carbon, nd not determined, ud/ under detection limit

achieve this as an extreme treatment, L3 was adjusted to a Zn
concentration of 512 mg L.

Irrigation was performed twice a week when soil surface
was very dry. Prior to irrigation, water was spiked with the
required volume of Cd—Zn solutions to obtain the desired
level. Plants irrigated with FW were supplemented with
05¢g L' NP (46:6) fertilizer (locally manufactured) to keep
up with the increased demand for nutrients. The amount of
applied water was determined from the weight loss of five
representative pots from each crop. The temperature in the
greenhouse was held at approximately 25 °C and 35 % rela-
tive humidity. The total amount of irrigation water supplied to
tomato and alfalfa was 6.3 and 5.1 L pot ', respectively.

Plant and soil analysis

Plants were harvested after 90 days and separated into fruits
(for tomato), shoots, and roots. Tomato fruits were hand har-
vested at vine-ripe stage and oven-dried for 4 days at 70 °C.
All other plant parts were oven-dried for 2 days at 70 °C. After
drying, plant parts were finely ground to <0.25 mm using a
rotating plant mill (ZM 100, Retsch, Titanium ring sieve) and
then stored for metal analysis.

After roots were taken out, soils were air dried, sieved
through a 2-mm sieve, and then oven-dried for 24 h at
105 °C. The oven-dried soil was ground to <0.25 mm using

@ Springer

an agate ball mill (Fritsch pulverisette 7 premium) for 2 min at
25 Hz in zirconium oxide grinding jars.

Sample grinding was done separately and in ascending
order of concentration to avoid cross-contamination. The fine-
ly ground materials (250 mg) were digested overnight by
adding 10 mL of concentrated nitric acid. On the following
day, the tubes were digested at 180 °C using microwave pres-
sure method (Mars Xpress, CEM GmbH, Kamp-Lintfort,
Germany). The digestion program involved four successive
steps. Initially, the temperature was increased linearly from
25 to 90 °C over 4 min, followed by digestion at 90 °C for
2 min. After that, the temperature was increased linearly to
180 °C over 6 min, and in the last step, the temperature was
held at 180 °C for 10 min. Samples were then filtered through
acid-washed filter paper no. 640 (Sartorius AG, Gottingen,
Germany) and transferred into 50-mL polyethylene bottles
for metal analysis (Chander et al. 2008). Total Cd and Zn
concentrations of soil and plant materials were analyzed using
ICP-AES (Ciros, Spectro Analytical Instruments GmbH,
Kleve, Germany). Each sample was measured twice, and the
precision and accuracy of the inductively coupled plasma
mass spectrometry (ICP-MS) measurements were proven by
analyzing standard reference material SPS—SW2 (Spectrapure
Standards AS) each in dilution 1:5 (v/v) and comparison to the
certified values. Typical precision of duplicate measurement
of ICP-MS was within 2 %.
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Statistical analysis

The data presented in the tables and figures are arithmetic
means of three replicates and expressed on an oven-dried basis
for soil and plant samples. The normal distribution of the data
sets was tested using the Shapiro-Wilk test. All data sets were
log-transformed to fit a normal distribution. After log transfor-
mation, the data sets showed almost normal distribution.
Analysis of variance (ANOVA) was carried out to test signifi-
cant effects of treatments on the measured parameters using
water source, salinity, and metal level as single factors.
Further, the effect of interactions between the single factors
on the measured parameters was tested. Within the treatments,
the effects of the heavy metal level were identified by a Tukey
post hoc test with p<0.05. The effects of treatments were tested
for plant species and plant parts in a separate ANOVA because
of significant differences between single data sets. All statistical
calculations were performed in IBM SPSS Statistics 19.

Results

Properties of original soil and irrigation water
used in the experiment

Soil texture as determined by the pipette method was 98 %
sand and <1 % clay, and soil pH and EC were 8.7 and

Table 2

1.3 dS m ™', respectively. The cation exchange capacity
(CEC) was low (4.5 cmol kg ™), and soil metal concentrations
in milligrams per kilogram were 0.2 (Cd), 2.5 (Zn), 1.15 (Cu),
2.71 (Pb), and 3.65 (Cr).

The freshwater had low salinity (0.6 dS m ') and near-
neutral pH of 7.4, whereas the treated wastewater had moder-
ately saline value (1.5 dS m ') and slightly alkaline pH (7.8).
Metal concentrations in both water sources (Table 1) were
below the safety guidelines for agricultural purposes (FAO
1992; EPA 2004). The maximum allowable Cd and Zn con-
centration for short- and long-term use in TWW effluents is
0.05and 0.01 mg L ™" and 10 and 2 mg L™, respectively (FAO
1992; EPA 2004).

Cadmium and Zn in soils after harvest

All treated soils receiving metal level <L3 accumulated less
than 1 mg kg ™' Cd and below 200 mg kg ' Zn, respectively
(Table 2). Metal level, crop type, and their interaction signif-
icantly affected soil metal concentrations (p<0.05), while the
irrigation water source or salinity level had no significant ef-
fects on soil metal levels (Table 2).

Biomass yields

The effects of treatments on shoot dry weights of alfalfa
and tomato at the end of the experiment are shown in

Effects of crop type (alfalfa, tomato), water source (FW, TWW), salinity (1 and 3 dS m™'), and metal level (L1, L2, L3 in mg L") in the

irrigation water on Cd and Zn concentration (mg kg ) of the soils after 90 days of cultivation

Treatment level Alfalfa
FW FW TWW
1dSm 3dSm! 1dSm
Cd(mg kg™
Control 0.04 0.13 0.10
L1 0.15 0.13 0.09
L2 0.44 0.41 0.49
L3 3.16 2.86 2.94
Zn (mg kg )
Control 1.60 237 3.20
L1 3.00 4.24 5.09
L2 30 39 40
L3 276 250 256
ANOVA Cd concentration
F value P
‘Water source 1.15 0.29
Metal level 207 <0.01
Salinity 0.99 0.32
Crop 4.50 0.04
Level x crop 2.85 0.04

Tomato
TWW FwW FwW TWW TWW
3dSm’ 1dSm 3dSm! 1dSm 3dSm’
0.06 0.05 0.07 0.10 0.22
0.35 0.25 0.20 0.28 0.24
0.55 0.61 0.50 0.56 0.56
2.56 3.84 2.48 2.78 3.23
1.82 5.20 4.46 4.59 5.38
3.76 7.14 5.99 7.55 7.25
46 55 60 61 65
242 421 277 294 436

Zn concentration

F value P

1.12 0.29

857 <0.01

0.12 0.73

64 <0.01

3.58 0.02

Mean values were calculated with n=3. The ANOVA summarizes the effects of single factors: crop type (n=72), water source (n=36), salinity (n=18),
and metal level (n=12) and the significant (p<0.05) interactions of crops and metal level
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Fig. 1. At both salinity levels, plants irrigated with FW
produced significantly more biomass as compared to
those irrigated with TWW. On the other hand, high salin-
ity levels reduced the dry weights of tomato plants only
when FW was used. The yield was mainly influenced by
metal levels, where the highest level severely depressed
the dry weights of both plants. Interestingly, the interac-
tions between salinity and metal concentrations reduced
alfalfa yields only with TWW irrigation, while tomato
yields showed no significant response. The dry weights
of tomato fruits ranged from 0.94 to 7.97 g and showed
35 % yield reduction with highest heavy metal level com-
pared to other treatments.

Metal concentration in plants
The control treatments showed that Zn uptake in both

plant shoots was significantly higher in TWWe-irrigated
plants than in FW-irrigated treatments (Fig. 2a). This
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Salinty level (dS m™)

was most pronounced for tomato, where Zn concentra-
tions were higher than in alfalfa, and roughly doubled in
TWW treatments. Salinity had no effect on alfalfa shoot
Zn concentrations and had inconsistent effects on tomato
shoot. Furthermore, Zn levels in FW-irrigated plants were
significantly higher at higher salinity, while the opposite
was the case in TWWe-irrigated plants.

Zn in roots showed a similar distribution among the
treatments and plants (Fig. 2b). In alfalfa, Zn concentra-
tions in roots and shoots were similar, with slightly higher
values under FW irrigation. For tomato, Zn concentration
in roots and shoots was similar in FW-irrigated plants,
while shoot/root ratios were much higher in TWW-
irrigated plants.

As shown in Tables 3 and 4, metal shoot concentra-
tions in both crops increased significantly with increasing
metal levels with both irrigation water sources. However,
the increase was not proportional to metal concentration
in irrigation water. Cd and Zn levels were higher at the
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higher salinity level with both water sources compared to
those irrigated with lower salinity level. As salinity in-
creased from 1 to 3 dS m !, Cd levels in L1 treatment
increased significantly with both water sources.

For alfalfa, Cd and Zn in shoots were influenced by all
factors significantly. However, the concentrations in roots
were slightly influenced by metal levels in irrigation water
(Table 3). Tomato plants showed generally higher Cd and
Zn concentrations than alfalfa plants. The shoot Cd metal
concentration was influenced by all main factors significantly,
while shoot Zn concentration was affected by metal level. The

roots showed stronger response to the main factors for both
metals.

Moreover, the relationship between soil and shoot
metal concentration were often linear (Figs. 3 and 4)
but showed clear effects of irrigation water source and
salinity. At the lower salinity level, metal uptake was
higher in TWW than in FW-irrigated crops (except for
Zn in tomato shoots). At the higher salinity level, plant
metal uptake relative to soil concentration was generally
much higher than at lower salinity but independent of
water source.

Table3  Effects of water source (FW, TWW), salinity (1 vs. 3 dS m "), and metal level (L1, L2, L3) in irrigation water on Cd and Zn concentrations in

alfalfa root and shoots after 90 days of cultivation

Metal level Shoot
FW FW TWW
1dSm™ 3dSm™’ 1dSm™
Cd (mg kg ™)
Control 0.1+£0.03 0.2+0.06 0.1+0.06
L1 0.4+0.08 0.7+£0.29 0.8+0.28
L2 1.3+0.25 3.8+0.58 4.0+0.58
L3 362+80 411+53 425+126
Zn (mg kg ")
Control 20.3+6.32 21.5+7.42 36.5+7.65
L1 17.8+0.61 46.0+24.1 80.0+14.5
L2 154+30.5 365.6+20.1 367.9+117
L3 12,093+£3,190  17,530+£2,763  14,051+3,514
ANOVA Shoot
Cd concentration Zn concentration
F value P F value
Water source 11 <0.01 59
Metal level 230 <0.01 232
Salinity 17 <0.01 20
Water x level 5.64 <0.01 6.87
Water x salinity ~ 6.33 0.02 5.63
Level x salinity — n.s. 0.63 4.18

Root
TWW FW FW TWW TWW
3dSm™ 1dSm™?' 3dSm™ 1dSm™ 3dSm™
0.1+0.03 0.8£0.50  0.7+0.13 0.8+0.1 1.2+0.10
1.4+0.80 0.5+0.04  3.6+1.55 2.0£1.0 29£1.0
5.5+0.60 2.5+£0.02  9.8+£0.60 6.5+0.16 11.4
395+45 161+0.02 195 128 194
37.0£3.77 12.2+1.3 13.9+1.5 26.0+2.4 31.0+5.0
117.4+23.4 15.4+2.0 1250114  87.2+12.5 129.4+15.21
453.4+127 87.3£10 370.8£106  227.2+713  371.6+80
13,033+2,418 3,634 9,423 3,240 7,165

Root

Cd concentration Zn concentration
P F value P F value p
<0.01 0.31 0.58 0.05 0.82
<0.01 17 <0.01 4.81 0.02
<0.01 3.08 0.09 0.07 0.79
0.03 1.58 0.23 3.57 0.04
0.03 3.88 0.06 7.06 0.01
<0.01 233 0.12 2.13 0.14

Mean values and standard deviation were calculated with n=3. The ANOVA shows the effects of single factors: crop type (n=72), water source (n=36),
salinity (»=18), and metal level (n=12) and the significant (p<0.05) interactions of crops and metal level and significant (»<0.05) interactions

n.s. not significant
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Table4  Effects of water source (FW, TWW), salinity (1 vs. 3 dS m™"), and metal level (L1, L2, L3) in the irrigation water on Cd and Zn concentrations

in tomato root and shoots after 90 days of cultivation

Metal level Shoot
FW FwW TWW
1dSm™ 3dSm™! 1dSm™
Cd (mg kg )
Control 0.8+£0.12 2.0£0.22 1.4+0.74
L1 0.9+0.05 3.4+0.10 2.4+0.08
L2 2.7+0.25 19.0+£1.53 11.9+04
L3 156+63 173+£512 214124
Zn (mgkg ")
Control 29.4+43 442+32 106.1+£35.6
L1 19.74£7.1 56.8+9.9 98.6+10.0
L2 199.8+30 545+21 378426
L3 11,488+4,346 11,978+3,761 12,741+2.967
ANOVA Shoot
Cd concentration Zn concentration
F value P F value
Water source 18 <0.01 4.10
Metal level 65 <0.01 18
Salinity 15 <0.01 2.95
Water x level 1.74 0.20 7.69
Water x salinity 12 <0.01 7.72
Level x salinity 8.04 <0.01 1.77

Root
TWW FW FW TWW TWW
3dSm™ 1dSm?' 3dSm™ 1dSm' 3dSm™
2.0+£0.45 0.4+0.1 1.1+£0.2 1.3+0.1 1.5+0.1
4.6+0.30 0.7+0.1 3.6+0.25 2.9+0.5 3.8+0.4
18.9+4.2 3.8+0.9 48.8+4.2 20.9+5.5 423+5.1
183+14 320 260 173 460
82.2+12.6 29.9+9 432+33 44.6+8.7 42.6+4.3
146+37 56.3+6.2 103+£5.6 113+31 132+24
807+150 356+114 1,611+£319  631+132 1,396+310
10,063+470 8,542 11,244 7,069 9,528

Root

Cd concentration Zn concentration
P F value p F value P
0.05 50 <0.01 189 <0.01
<0.01 255 <0.01 382 <0.01
0.10 159 <0.01 74 <0.01
<0.01 3.80 0.04 11 <0.01
0.01 36 <0.01 17 <0.01
0.19 3.98 0.03 13 <0.01

Mean values and standard deviation were calculated with n=3. The ANOVA shows the effects of single factors and significant (»p<0.05) interactions

Metal concentration in alfalfa and tomato roots

Similar to shoot concentration, metals in roots increased with
metal level in the irrigation water (Tables 3 and 4). In contrast
to the shoot values, the relative increases were less
pronounced.

For the illustration of water quality effects on metal root
concentrations, the mean concentration of Cd and Zn in the
roots of both crops treated with metal level 1 is shown in
Fig. 5. Clearly, at low salinity, TWW compared to FW greatly
enhanced Zn and Cd uptake of both crops. At higher salinity,
metal root concentrations in TWW and FW were similar in
both plants but higher than at the lower salinity level. In addi-
tion, metal root concentrations increased considerably with
increasing salinity in FW compared to that in TWW. The same
trend was observed with the other metal levels. In all treat-
ments, Cd and Zn accumulation in tomato roots was, on aver-
age, twice that of alfalfa roots. For alfalfa roots, Cd and Zn
concentrations were mainly controlled by metal level
(Table 4).

Metal concentration in tomato fruits

Metal concentrations in the tomato fruits also increased with
metal level in irrigation water (Table 5), but differences were
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much lower than in shoots or roots. Tomato fruits from treat-
ments with elevated metal level (L2) and fruits from the TWW
3 dS m™' also contained Cd concentrations of 0.8 to
29 mg kg ' dry weight (DW). Zinc levels in tomato fruits
increased at elevated salinity, i.e., from 30.8 to 44.5 mg kg™’
in FW treatments and from 41.0 to 49.5 mg kg ' in TWW,
respectively. The ANOVA showed that metal level was the
most important factor controlling metal concentrations in to-
matoes (Table 5).

Discussion
Soil metal concentrations

Soil metal concentrations were clearly elevated in response to
metal additions in irrigation water. Except for soils receiving
the highest metal dose, metal levels in all other soils fall within
FAO/WHO (1999) limits for unpolluted soils (0.1-1.0 mg Cd
kg ' and 200 mg Zn kg ') and European maximum permissi-
ble limit (MPL) for Cd (5 mg kg ") and Zn (300 mg kg ")
(FAO/WHO 2001; Kabata-Pendias and Mukherjee 2007).
Apparently, metal uptake/translocation by plant parts at lower
metal levels occurred at higher magnitude, whereas the trans-
location mechanism could be broken down at the highest
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Fig. 3 Relationship between soil
metal concentration (mg kg )
and alfalfa shoot Cd (top) and Zn 6
contents (hottom) (mg kg ) for
irrigation with freshwater (FW) or
treated wastewater (TWW) with
low and high salinity (dS m™").
Straight line shows trend line for
each heavy metal
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metal level which would result in metal buildup exceeding the
adsorptive capacity of sandy soils (Strawn et al. 2015).

Metal and salinity effects on biomass yields

The observed depressions of alfalfa and tomato shoot bio-
mass at the highest metal level can largely be attributed to
Zn which is well known to cause plant growth reductions
(Chaney 1993). Phytotoxicity of Cd has only been ob-
served above 10 mg kg ' soil Cd concentrations which
is consistent with the findings reported by Mohammad
et al. (2009). The more pronounced yield reductions in
tomato than in alfalfa at the higher salinity level in FW
correspond to the higher salt tolerance of alfalfa (FAO
1992; Maas and Grattan 1999). However, the much lower
shoot yields of both crops, especially tomato under TWW
irrigation, may be due to a lower nutrient availability in
TWW compared to the fertilizer-supplemented FW.

50 0 10 20 30 40 50
Soil Zn (mg kg™)

Metal uptake by plants

Metal concentrations in plant parts increased with metal dose.
However, at lower dosages, the uptake did not increase pro-
portionally to metal concentrations in the irrigation water,
while at high dosage, the relative increase often overrides that
of metals supplied with the irrigation water. This could be
related to the presence of free sorption sites and ligands at
the low metal loading which reduces metal availability. At
high metal loading, these sites and ligands are saturated and
this is commonly observed in sorption isotherms (Degryse
et al. 2006). Moreover, at low metal loading, roots have effec-
tive protection mechanisms that reduce metal uptake
(Marschner 1995). This may be supported by the presence
of certain cations, such as Fe or Mg (Marschner 1995). At
high metal concentrations, these protective mechanisms can
break down due to direct toxic effects or due to insufficient
concentrations of competing cations (e.g., Fe or Mg). In addi-
tion, due to the severe growth depressions at the highest metal
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dosage (L3), metals are more concentrated in the lower
biomass.

At high salinity, metal uptake by both plants was higher
and independent of irrigation water source. The most likely
mechanism for enhanced metal uptake is the formation of
metal chloro-complexes, which reduce sorption and enhance
plant availability. Chlorides in saline irrigation waters were
reported to increase Cd availability and uptake by forming
soluble and highly phytoavailable species (MeCl™ and
MeCl,°) (McLaughlin et al. 1994; Khoshgoftar et al. 2004;
Usman et al. 2005). Smolders et al. (1998) and Smolders and
McLaughlin (1996) showed that increased Cd uptake was
mainly due to increased Cd diffusion to plant roots by
chloro-complexation of free Cd*" ions. Furthermore, mobili-
zation of metals like Cd and Zn in saline soils can also be due
to divalent cations (Ca and Mg) competing for sorption sites
and ligands (Paalman et al. 1994).

There is much evidence in the literature that DOM de-
creases metal sorption onto TWWe-irrigated soils. The de-
crease is attributed to the formation of soluble and insoluble
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Soil Zn (mg kg™)

organic complexes (Hesterberg 1998). However, the decrease
in metal sorption in the presence of DOM is likely to increase
their mobility (Gove et al. 2001; Ashworth and Alloway
2008) yet does not necessarily increase the bioavailability
(Bolan et al. 2003). Interestingly, the root—shoot transfer (rep-
resented by the root/shoot ratio) of Cd and Zn was also en-
hanced under TWW irrigation, indicating higher mobility of
these organic complexes within the plants. Therefore, future
work should focus on possible mechanisms that increase met-
al availability in TWW soils.

Food and fodder safety aspects

Tomato fruits accumulated Cd above the safe levels for human
consumption, even when irrigated with water containing low
levels of metals within the recommended limits of irrigation
water (L1=0.01 mg L") but at elevated salinity. Therefore,
food production on such sandy soils with low sorption capac-
ity may well pose a health hazard even if irrigation water
contains metal concentrations within the permissible limits.
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Fig. 5 Mean concentration of Cd (a) and Zn (b) in roots of both crops
grown in soils irrigated with freshwater (FW) and treated wastewater
(TWW) of low or high salinity and spiked with metal level 1. Capital

This result was unexpected since Cd and Zn uptake from
alkaline soils is generally not considered a problem due to
the low solubility of these metals at elevated pH (Chaney
2010). Cadmium concentrations are considered unsafe for hu-
man consumption if they exceed 0.2 mg kg~' FW or
1.3 mg kg'' DW limit (WHO 1993). Moreover, Ewers
(1991) and Begerow et al. (2008) reported stricter limits
(0.1 mgkg ' FWor 0.7 mgkg ' DW) as the MPL for tomato

Table5  Effects of water source (FW, TWW), salinity (1 vs. 3 dSm ™),
and metal level (L1, L2, L3) in the irrigation water on Cd and Zn
concentrations in tomato fruits after 90 days of cultivation

Metal level Fruit
FW FwW TWW TWW
1dSm”' 3dSm' 1dSm™' 3dSm’
Cd (mg kg ")
Control 0.3+0.07 0.3£0.08 0.4+0.08 0.3+0.08
L1 0.2£0.09 0.8+0.2 0.6+0.07 1.2+04
L2 0.7+0.1 2.5+0.1 2.1+0.5 2.7£0.4
L3 1.6+0.1 £ 15.6+3 29.1+8
Zn (mg kg ")
Control 16.6+£6.1  37.0£20  39.5+6.9 24.6+6.2
L1 28.1+£3.0 354+45 244+0.6 26.5+£6.6
L2 30.8+1.5 44.5+£7.6 40.7£9.6 49.5+11
L3 52.6 -8 130£9.0 344
ANOVA Cd concentration Zn concentration content
F value P F value P
Water source 41 <0.01 16 <0.01
Metal level 133 <0.01 627 <0.01
Salinity 41 <0.01 66 <0.01
Water x level 0.96 0.40 1.34 0.28
Water x salinity 31 <0.01 14 <0.01
Level x salinity ~ 7.10 <0.01 18 <0.01

Mean values and standard deviation were calculated with n=3. Cd con-
centrations in italics are above the limits considered safe for human con-
sumption. The ANOVA shows the effects of single factors and significant
(»<0.05) interactions

#No fruit production

Root Zn (mg kg'1)
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letters show significant differences between salinity level, and /ittle stars
show significant differences (p<0.05) between water quality within each
plant group. Error bars show standard error with n=3

fruits. It is interesting to note that there is no European guide-
line present on MPL for Zn in food products. However, in
China, 20 mg Zn kg ' FW is MPL for food which is equiva-
lent to 135-170 mg Zn kg ' DW (MOH 1991).

Tomato shoots in the control and L1 contained Cd levels
below the permissible limits, while almost all L2 and L3
treatments exceeded the limits for fodder crops, which may
be relevant since greens are often fed to goats or cows, thus
posing a risk to animals when this material is a major part of
their diet. In the treatments with metal additions, Cd
concentrations in alfalfa shoots were well below the FAO/
WHO (2001) permissible limits for fodder crops in L1 and
L2 (Cd<1.0 mg kg ' FW, equivalent to <6.7-8.3 mg kg '
DW at 85-88 % water content). In the L3 treatments, these
values were exceeded, but due to the severe yield reductions,
this is of no practical concern. For Zn, no regulatory limits
exist; however, the observed Zn concentrations of 200—
500 mg kg ' are of no concern in animal feed (Ewers 1991;
Begerow et al. 2008).

Conclusions

Our results showed that irrigation with TWW and elevated
salinity can increase metal uptake in tomato and alfalfa plants.
Since TWW is generally more saline and richer with DOM
than well or surface waters, the mobility and bioavailability of
metals by forming soluble complexes may be enhanced.
Interestingly, this was observed to also affect the transfer from
roots to shoots. The results of Cd accumulation in tomatoes
show that food safety may be compromised even if irrigation
water Cd concentrations do not exceed current recommended
values if irrigation water had high salinity levels. Furthermore,
as heavy metals accumulate in soils, problems with Cd trans-
fer into edible plant parts will most likely aggravate with time,
as observed with the effect of higher metal dosage in this
study.

Further research on the identification of organic complexes
responsible for enhanced metal uptake in TWW and their
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practical implications is needed. This includes identification
of organic complexes responsible for elevated metal uptake,
metal levels that induce phytotoxicity, antagonistic and com-
petitive effects from salts, increased metal risk with TWW use
even at low concentrations, possible reduction of uptake by
the presence of other metals, and reduced risk of Zn deficiency
in calcareous soils with TWW irrigation.
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