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Abstract 

 
Open-field small plot long-term experiment was set up during 2011 with willow 

(Salix triandra × S. viminalis ‘Inger’), grown as a short rotation coppice energy crop 

in Nyíregyháza, Hungary. The sandy loam Cambisol with neutral pH was treated 

three times (2011, 2013, and 2016) with 15 t ha–1 municipal sewage sludge compost 

(MSSC) and with 600 kg ha–1 (2011, 2013) or 300 kg ha–1 (2016) wood ash (WA). 

In 2018 the MSSC-treated plots were amended with 7.5 t ha–1 municipal sewage 

sediment (MSS), and 300 kg ha–1 WA. MSSC and WA or MSS and WA were also 

applied to the soil in combinations during all treatments. Control plots remained 

untreated since 2011. Repeated application of wastewater solids (MSSC, MSS) and 

wood ash (WA) significantly enhanced the amounts of As (up to +287%), Ba, Cd (up 

to +192%), Cu, Mn, Pb, and Zn in the topsoil of willows. The combined application 

of MSSC+MSS+WA resulted in significantly higher Mn and Zn and lower As Ba, 

Cd Cr, and Pb concentrations in topsoil than MSSC+MSS treatment of soil without 

WA. Nitrogen concentrations in leaves of treated plants were generally slightly lower 

or similar to control. All soil treatments significantly enhanced the uptake or 

accumulation of nutrient elements (Ca, K, Mg, P) and potentially toxic elements (As, 

Ba, Cd, Cr, Cu, Mn, Ni, Pb, and Zn) in the leaves of willows during 2018, 2019, and 

2020. Significantly higher Mn or Zn concentrations were measured in 

MSSC+MSS+WA than in MSSC+MSS treatments. Significant amounts of Cd (up to 

1.11 mg kg–1) or Zn (up to 183 mg kg–1) can be translocated (phytoextracted) from a 

soil amended with wastewater solids or wood ash to willow leaves. In 2018 the 

treatments decreased the chlorophyll fluorescence values, while in 2019 and 2020 the 

light adapted fluorescence yield (Y) values were higher in treated than in control 

plants. 

 

Keywords: phytoextraction, photosynthesis, energy willow (Salix sp.), wastewater 

solid, wood ash  
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Introduction 
 

Steadily increasing emission of carbon dioxide concentration in the air 

associated with burning of fossil fuels, and danger of global warming focused 

attention on energy production from biomass. Bioenergy, in the form of cellulosic 

biomass, starch, sugar, and oils from crop plants, has emerged as one of the cheaper, 

cleaner, and environmentally sustainable alternatives to traditional forms of energy. 

Burning of the biomass of so-called energy crops can significantly mitigate 

anthropogenic emission of carbon dioxide, and can partially replace fossil fuels 
(STREZOV & ANAWAR, 2019; SIMON et al., 2022). Those herbaceous (e.g., 

Agropyron, Arundo, Sida, Panicum, Miscanthus spp.) or woody (e.g., Populus, 

Robinia, Salix, Paulownia spp.) plant species are considered as energy crops that are 

primarily cultivated in plantations for biomass production and energetical utilisation 

(KOLE et al., 2012; SIMON et al., 2022). 

Rapidly growing willow (Salix) species cultivated for their high aboveground 

biomass are very promising energy crops all over the world. Harvestable shoot wet 

biomass of willows can achieve up to 10–12 tons of dry matter (d.m.) per hectare 

annually (MERILO et al., 2006; KULIG et al., 2019). The willow sprouts well, so its 

2–6-meter-long shoots can be harvested on an annual, biennial, or triennial basis 

(GYURICZA et al., 2008; SMART & CAMERON, 2012; SIMON et al., 2016).  
Since short-rotation coppice (SRC) energy plantations can be cultivated for 

1520 years in the same field, balanced and regular nutrient supply is required in the 

soil to obtain good aboveground biomass yields (GYURICZA et al., 2008; SMART & 

CAMERON, 2012). Biomass yield of Salix spp., grown as an energy crop, can be 

stimulated by the application of various inorganic or organic fertilizers and additives 

in soil, including biosolids (e.g., municipal sewage sludge, compost), biochar or 

biomass ash (PULFORD et al., 2002; PARK et al., 2005; DIMITRIOU et al., 2006; 

SALETNIK & PUCHALSKI, 2019). Since municipal sewage sludge is not a balanced 

fertiliser in terms of plant nutrients (it contains mainly P and organically bound N, 

but very low amount of K), it could be advantegeous to mix it with wood ash that 

contains K and some P (DIMITRIOU et al., 2006; JAMA & NOWAK, 2012). It is well 

documented that willow plants react well for balanced fertilization, and the enhanced 

uptake of nitrogen in leaves or shoots is increasing the harvestable shoot yield (WEIH 

& RÖNNBERG-WÄSTLJUNG, 2007; SIMON et al., 2016; SIMON et al., 2018; MERILO et 

al., 2006). However, application of various soil amendments (e.g., municipal sewage 

sludge or wood ash) can enhance not only the uptake rate of beneficial elements (e.g., 

nitrogen or potassium), but also the accumulation rate of potentially toxic elements 

(PTEs; e.g. arsenic – As, cadmium – Cd, or zinc – Zn) in the willow organs (PARK  

et al., 2005; DIMITRIOU et al., 2006; GYURICZA et al., 2008; MAXTED et al., 2007; 

JAMA & NOWAK, 2012; SIMON et al., 2016; SALAM et al., 2019; LABRECQUE et al., 

2020; SALETNIK et al., 2020; WÓJCIK et al., 2020). This may have an impact on the 

toxic metal concentration of harvested shoots and thus also on the toxic metal 

concentration of ash after biomass burning. 
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Phytoextraction is the use of plants for the removal of inorganic contaminants 

from the contaminated matrix through their uptake into the harvestable parts of the 

plant. Several factors contribute to the success of phytoextraction as a remediation 

technology including the extent of contamination, metal bioavailability, and the 

plant’s ability to intercept, absorb, and accumulate metals (ARTHUR et al., 2005; 

SIMON, 2004). One of the basic strategies for phytoextraction of PTEs from 

contaminated soil is cultivating fast-growing plant species with high biomass 

production (SAAMENA & PUTHUR, 2021). Bioenergy plants (including Salix spp.) 

have the potential to adapt well in the polluted lands and have the capacity to produce 

high biomass along with high energy potential (JHA et al., 2017). In the majority of 

cases by bioenergy plants, heavy metal concentrations found in the shoot biomass 

usually remain below the standard toxicity levels. Therefore, the shoot biomass of 

bioenergy plants utilized for phytoremediation can be safely used for bioenergy 

production (JHA et al., 2017; SAMEENA & PUTHUR, 2021).  

It is well documented, that compared to other plant species and to other trace 

elements Cd accumulation or Zn uptake rates of Salix spp. are high (VYSLOUŽILOVÁ 

et al., 2003; DICKINSON & PULFORD, 2005; MAXTED et al., 2007; SIMON et al., 2018). 

Resistance or tolerance of willows to other metals (Cr, Cu, Ni, Pb) and accumulation 

of elevated levels of As, Cu, Fe, Ni, Mn and Pb (PULFORD et al., 2002; GYURICZA  

et al., 2008; MLECZEK et al., 2013; VANDECASTEELE et al., 2015; TŐZSÉR et al., 2018; 

LABRECQUE et al., 2020) was also observed in the organs of various Salix spp. 

Therefore, from the point of view of phytoextraction (phytoremediation), the elevated 

level of certain toxic elements could be advantageous in the shoots of SRC willow to 

remove metal pollutants from the soil (GREGER & LANDBERG, 1999; PULFORD & 

WATSON, 2003). According to MAXTED et al. (2007) Salix-based phytoextraction 

may be applied to arable soils which require only minor ‘polishing’ in order to meet 

arable soil standards or produce metal concentrations in edible crops which do not 

violate risk-based hazard quotients. 

Considering the above preliminaries our aim was to investigate the uptake of  

5 nutrient elements (N, P, K, Ca and Mg) and the accumulation of 9 selected PTEs 

(As, Ba, Cd, Cr, Cu, Mn, Ni, Pb and Zn) in leaves of energy willow grown in a long-

term experiment. It was assumed that repeated soil application of wastewater solids 

(municipal sewage sludge compost – MSSC, municipal sewage sediment – MSS) or 

wood ash (WA) will influence the uptake of nutrient elements, or the accumulation 

of PTEs in willow leaves differently. It was presumed that changed uptake of nutrient 

elements or PTEs impact the chlorophyll fluorescence and thereby photosynthesis 

rate in the willow leaves. Special attention was paid to the repeated WA soil 

application in combination with MSSC or MSS, and its long-term impact on PTEs’ 

accumulation in willow, since relatively few investigations (DIMITRIOU et al., 2006; 

ADLER et al., 2008; LAZDINA et al., 2011) focused on this formerly. WA was 

supposed to reduce the accumulation of PTEs in willow leaves when applied 

altogether with MSSC and MSS. 
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Materials and Methods 
 

Long-term open-field experiment with willow, soil treatments 

Open-field small plot long-term experiment was set up with energy willow 

(Salix triandra × Salix viminalis ‘Inger’) during 2011. Research area is located in 

parallel to Westsik street in Nyíregyháza (Hungary; geographical coordinates: 

47°58'41.8"N 21°42'00.7"E) in the experimental field of University of Debrecen, 

IAREF, Research Institute of Nyíregyháza. Total area of the long-term experiment is 

3,800 m2. The experiment was set up on random-block design on 40 small plots with 

10 various treatments, and with 4 replications. 

Period of soil treatments was between April 2011 and June 2018, and period of 

presented soil and plant observations was from June 2018 to September 2020. 

Willows were planted during April 2011, cuttings originated from Holland-

Alma Ltd., Piricse, Hungary (license holder of the studied willow species is 

Lantmännen Agroenergi AB, Sweden). In each 27 m2 experimental plot 40 willow 

bushes were grown with 0.75 m line spacing and 0.6 m in between plants. In every 

small plot, plants were grown in two twin rows. Between twin rows, the line spacing 

was 1.5 meters. 

Before soil treatments (during April 2011) the basic characteristics (SIMON  

et al., 2018) of the uncontaminated Cambisol (brown forest soil with clay stripes) 

were the following at 0–25 cm depth: loamy sand texture; pH-H2O: 8.10; pH-KCl: 

7.52; total salt (m m–1 %): <0.02; CaCO3 (m m–1 %): 4.80; humus (m m–1 %): 1.51%; 

CEC (cmolc kg–1): 10.4 P621, K2,918, Ca16,307, Mg4,603; As9.60, Ba57.5, 

Cd0.21, Cr13.7, Cu9.18, Mn372, Ni14.0, Pb9.89, and Zn35.5 mg kg–1; as 

determined from cc. HNO3cc. H2O2 extract, followed the instructions of the 

Hungarian Standard MSZ 21470-50 (2006). 

The top 0–25 cm layer of the soil was treated with municipal green waste 

compost, municipal sewage sludge compost, willow ash, rhyolite tuff, and fertilizers 

(ammonium nitrate, urea, urea with sulphur) as top-dressings during April, May, or 

June of 2011, 2013, and 2016 (Figure 1; SIMON et al., 2016, 2018).  

Municipal sewage sludge compost (MSSC; producer Nyírségvíz Ltd., 

Nyíregyháza, Hungary) was applied to the top layer of the soil 3 times (during June 

2011, May 2013, and May 2016) in 15 t ha–1 (wet weight with 48–56% d.m.) dose 

each year. PTEs’ concentrations during 2016 in cc. HNO3cc. H2O2 extract (MSZ 

21470-50, 2006) are shown in Table 1. Other basic physical and chemical 

characteristics and plant nutrient content of MSSC (SIMON et al., 2018) were the 

following: pH-H2O 5.93; pH-KCl 5.91, CaCO3 (m m–1 %): 0; total salt content  

(m m–1 %): 3.34; total C (m m–1 %): 10.4; total N (m m–1 %): 1.84; NH4-N  

(mg kg–1): 169; NO3-N (mg kg–1): 42.3; P18,876, K3,424, Ca39,294, Mg4,479, 

Fe17,149 mg kg–1 in cc. HNO3cc. H2O2 extract (MSZ 21470-50, 2006). 

Wood ash (WA) was prepared with burning of leafless twigs of the willows, 

grown formerly in the experimental plots. Topsoil of the plots was treated three times 

with WA, in June 2011 and May 2013 with 600 kg ha–1 doses, respectively; and in 

May 2016 with 300 kg ha–1 dose. PTE concentrations of WA (99% d.m.) during 2016 
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are presented in Table 1. Applied WA can be defined with the following basic charac-

teristics (SIMON et al., 2018): pH-H2O 10.9; pH-KCl 10.7, total salt content  

(m m–1 %): 1.17; NH4-N (mg kg–1):0; NO3-N (mg kg–1):0; P6,472, K16,508, 

Ca43,074, Mg7,991, Fe17,045 mg kg–1 in cc. HNO3cc. H2O2 extract (MSZ 

21470-50, 2006). 

 

 

Figure 1 

Scheme of the long-term experiment with energy willow (Salix triandra × Salix viminalis 

‘Inger’), soil treatments between 2011–2017 in random block layout with 4 replications 

(Nyíregyháza, Hungary) 

 

Above amendments and fertilizers (immediately rotated to upper 025 cm layer 

of the soil) were applied to the soil between 2011 and 2017 years also in various 

combinations (e.g. 15 t ha–1 MSSC+300 kg ha–1 WA during 2016, see SIMON et al., 

2016, 2018). Control plots remained untreated (unfertilised) throughout the 

experiment (Figure 1). 

During March and April 2018, the shoots of all willow bushes were harvested 

(this was the 3rd harvest after 2013 and 2016). 

On 15 June 2018 the soil of plots formerly (2011, 2013, 2016) treated 3 times 

with MSSC were amended with air dry, unscreened 7.5 t ha–1 dose of municipal 
sewage sediment (MSS) in 4 replications (Figure 2; SIMON et al., 2022). MSS 

originated from Lovász-zug suburban area of Debrecen, Hungary (47°29′07″ N, 

21°35′46″ E), where formerly a sewage settling pond was operated as a secondary 

biological purification unit (TŐZSÉR et al., 2018). MSS samples were collected from 

this recultivated sewage settling pond, where MSS was located under artificial soil 
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cover in a 70–110 cm depth. Approximately 280320 kg wet MSS samples were then 

spread in a 10–15 cm layer, regularly rotated, shredded, and air-dried in a covered, 

aerated building of the University of Nyíregyháza (Hungary) for 2 months. Four 

composite samples were taken from the air dry MSS for chemical analysis. One 

composite sample with 1.0–1.5 kg total mass arises from combining 25 subsamples. 

Thoroughly mixed composite samples were passed through a 5-mm diameter sieve 

before analysis. Table 1 shows the concentrations of PTEs in this substance. 
 

 

Figure 2 

Scheme of the long-term experiment with energy willow (Salix triandra × Salix viminalis 

‘Inger’), soil treatments during 2018 (Nyíregyháza, Hungary) 

 

Wood ash was prepared at the beginning of June 2018 with burning of dry 

leafless twigs of the willows from the 2016 harvest. WA was passed through 8-mm 

sieve before its soil application, and sampled for chemical analysis, as described 

above for MSS. On 15 June 2018 the soil of plots formerly (2011, 2013, 2016) treated 

3 times with WA was again amended with a completely dry, 300 kg ha–1 dose of 

willow ash in 4 replications (Figure 2; SIMON et al., 2022). Control plots remained 

untreated. MSS and WA were also applied to the soil in combinations during 2018 

treatments. PTE concentrations of WA during 2018 are presented in Table 1. 
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Table 1 

“Pseudo-total”* concentrations of potentially toxic elements in the soil additives applied 

to the topsoil of energy willow (Salix triandra × Salix viminalis ‘Inger’),  

(Nyíregyháza, Hungary) 

 

PTE 

(mg kg–1) 

Soil additives (year of application) 

MSSC (2016) WA (2016) MSS (2018) WA (2018) 

As 12.2 10.2 31.0 18.5 

Ba 212 267 596 403 

Cd 0.55 2.38 1.23 0.60 

Cr 19.3 9.66 1142 9.10 

Cu 79.0 133 198 130 

Mn 318 553 520 670 

Ni 15.1 10.9 62.8 14.2 

Pb 22.0 12.1 278 26.7 

Zn 357 1757 978 1853 

*cc. HNO3 + cc. H2O2 extract. Data are means of 4 replications. 

 

Soil sampling 
To check the impacts of the 3 times (2011, 2013, 2016) applied MSSC, WA, or 

MSSC+WA on the concentrations of PTEs in soil, samples were taken on the 7th of 

June 2018 from 16 plots, including controls. Approximately 1.2–1.5 kg composite 

soil samples per experimental plot were collected, drilling 10 cm far from the stems 

of 25 willow bushes. Twenty five subsamples per plot were taken from 0–25 cm 

depth using a standard gouge auger (Eikelkamp, The Netherlands). All 16 plots 

included in the experiment were sampled in this method. Soil sampling was repeated 

by 25 September 2020 from 0–30 cm depth, as described above. All soil samplings 

were done in 4 replicates per treatments. 

Immediately after sampling all soil samples were taken to the laboratory. After 

the removal of foreign substances, the soil was homogenised and spread on plastic 

plates in a thin layer. After 14 days of drying at room temperature the thoroughly 

mixed air dry samples were passed through 2-mm sieve. 

 

Plant sampling 
First sampling of willow leaves was done 5 weeks after application of MSS, WA 

and MSS+WA soil amendments, on 25 July 2018. Willow leaves were sampled from 

10 plants per plot. Five individuals of the sampled plants were from the middle 

section of the 2nd row, while five were from the middle section of the 3rd row of a 

given plot. Ten fully developed leaves per plant were collected from the1020 cm 

uppermost section of the shoots. From each plot 100 leaves, from each treatment 400 

leaves were collected, with an avarege total fresh weight of 79-gram per plot. The 

second sampling of willow leaves was conducted on 24 June 2019; 53 weeks after 

the last soil treatments. The sampling method was identical that in the previous year, 

in average 46-gram leaves were collected per plot. The third willow leaf sampling 

was performed 101 weeks (on 27 May 2020) after the last soil treatments. The 

sampling protocol was the same as in 2018 and 2019. In 2020, the average fresh 
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weight of the 100 collected willow leaves per experimental plot was 35 g. All 16 plots 

included in the experiment were sampled similarly. Plant sampling was done in  

4 replicates per treatments. 

Immediately after sampling, leaves were thoroughly washed in flowing tap 

water in the laboratory. The tap water was rinsed from the samples in two-times-

changed monodistilled water. Leaf samples were dried until constant loss of weight 

in drying oven (Mytron, Germany) at 700C for 10 hours. Dry samples were ground 

to particles <1 mm in an ultracentrifugal mill (Retsch ZEM 200, Germany). 

 
Leaf chlorophyll fluorescence measurements 

Leaf chlorophyll fluorescence measurements were conducted on 25 July 2018, 

25 June 2019, and 30 July 2020 with an OS5p type (Opti-Sciences, Inc., USA) 

chlorophyll fluorescence meter, which measures the quantum yield, after emission of 

excitation light on the leaf surface. Based on the amount of energy emitted by the 

excitation light, the amount of quantum utilization (Yield, Y) of the PS-II photocenter 

was measured. This value generally correlates well with the degree of carbon 

assimilation (CAVENDER-BARES & BAZZAZ, 2004). Measurements were performed 

on light-adapted plants, in each case in the morning when there was no cloudy sky. 

Measurements were done in fully developed leaves, which were located at the 

30–60 cm uppermost section of the shoots. At each experimental plot, 10 bushes 

(positioned on the 2nd or 3rd rows) were chosen from the middle section of the parcels, 

where the measurements were conducted on the top 4th (during 2018–2019), top 8th, 

9th and 10th positioned (2020) healthy leaves. 

 

Elemental analysis of soil, soil additive, and plant samples 
To determine the “pseudo-total” element content of the soil or soil additives, the 

Hungarian Standard MSZ 21470-50 (2006) was followed with a slight modification. 

From the prepared (dried and ground to particles <0.1 mm) soil and soil additive 

samples, 0.5 g was loaded into the pressure-proof bombs of the microwave digester 

(Milestone Ethos Plus, Italy). To all samples, 6 ml of distilled cc. HNO3 and 2 ml 

30% (v v–1) H2O2 was added. For soil samples or soil additives the digestion was 

performed by the Application Note 031 programme of the microwave digester, as 

follows; 10 min to 200 °C followed by 15 min at 200 °C. Digested samples were 

washed into a 50 ml volumetric flask with distilled water, homogenized and filtered 

(MN 640 W paper; Macherey-Nagel, Germany).  

From the prepared (dried and ground to particles <0.1 mm) plant samples, 0.5 g 

was loaded into the pressure-proof bombs of the microwave digester. To all samples, 

5 ml of distilled cc. HNO3 and 3 ml 30% (v v–1) H2O2 (Scharlau, Spain) was added. 

The digestion was performed by the Application Note 076 programme of the 

microwave digester, as follows; 3 min to 85 °C, 9 min to 145°C; 4 min to 200°C;  

14 min at 200°C.  

Elemental analysis of all samples was conducted with Inductively Coupled 

Plasma-Optical Emission Spectrometry (ICP-OES) technique, applied on iCAP 7000 

spectrophotometer (ThermoFischer Scientific, USA). For the calibration, a 

multielement standard solution (n = 2) was applied. Nitrogen concentration of plant 
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samples was determined by Kjeldahl method. All elemental analyses were done with 

4 replicates. 

 

Statistical analysis 
Statistical analysis of experimental data was conducted with SPSS 26.0 software 

using analysis of a variance (ANOVA) followed by treatment comparison using 

Tukey’s b-test. The relationships between leaf parameters were studied with 

Pearson’s correlation. 

 

Results and Discussion 

 

Elemental composition of soil 
It was assumed that surpluses of PTEs (Table 1) from three times applied MSSC 

and WA would be measurable in the topsoil of the experimental plots. To prove this, 

soil samples were collected in June 2018 from the experimental plots. Table 2 

presents the concentrations of 9 selected PTEs in the upper layer of the experimental 

soils. 

All treatments significantly (P < 0.05) enhanced the concentrations of all PTEs 

in soils, as compared to the control. The only exception was Cr in WA-treated soil 

(Table 2). The highest As, Ba, Cd, Cu, Cr, Ni, and Pb concentrations were detected 

in MSSC-treated soil, while the most elevated Mn and Zn contents were present in 

WA-treated soil. This was related to significant amounts of Mn and Zn present in 

willow ash (Table 1). Except for Mn and Zn, the co-application of MSSC and WA 

resulted in significantly lower PTEs concentrations in soil than the application of 

MSSC alone.  

Our results confirm the well-known phenomenon that single or repeated 

application, long-term soil disposal of municipal sewage sludge or wood ash can 

considerably enhance the concentrations of PTEs in topsoil (PULFORD et al., 2002; 

DIMITRIOU et al., 2006; MAXTED et al., 2007). Except As, PTEs concentrations 

measured in soils of our experimental plots were, however, equally lower than the 

valid Hungarian threshold limits (As–15, Ba–250, Cd–1, Cr–75, Cu–75, Ni–40,  

Pb–100, and Zn–200 mg kg–1) for soil pollution (KVVM-EÜM-FVM, 2009).  

On 15 June 2018 the soil of plots formerly treated 3 times with MSSC was 

amended with MSS. Chemical analysis of MSS revealed that this wastewater solid is 

rich in calcium (Ca; 34,724 mg kg–1 d.m.), magnesium (Mg; 7,049 mg kg–1 d.m.), 

phosphorus (P; 4,695 mg kg–1 d.m.), and potassium (K; 3,077 mg kg–1 d.m.), (SIMON 

et al., 2022). The WA applied at the same time, however, contained 17 times more K 

(54,248 mg kg–1 d.m), or appr. 5 times more Ca (187,550 mg kg–1 d.m.), Mg (35,348 

mg kg–1 d.m) and P (25,403 mg kg–1 d.m.) than MSS (SIMON et al., 2022). These 

values are in agreement with observations of other authors (PARK et al., 2005; 

DIMITRIOU et al., 2006; LAZDINA et al., 2011; SALETNIK & PUCHALSKI, 2019; 

WÓJCIK et al., 2020), who noticed that sewage sludge or wood ash is a rich source of 

Ca, Mg, P or K. The MSS contained significantly more Cr and Pb than WA, while 

WA contained more Zn (Table 1). The concentrations of PTEs in WA are in the range 
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observed by ZAJĄC et al. (2019), SALETNIK & PUCHALSKI (2019) and WÓJCIK et al. 

(2020) in willow ash or wood ash. 
Table 2 

“Pseudo-total”* concentrations of potentially toxic elements in the topsoil of the open-field 

long-term experiment set up with energy willows (Salix triandra × Salix viminalis ‘Inger’), 

(Nyíregyháza, Hungary) 

 

PTE 

(mg kg–1) 

Soil treatments (2011, 2013, 2016) 

Control MSSC WA MSSC+WA 

 Soil depth 0–25 cm (sampling 7 June, 2018) 

As 8.45a 22.3d 13.4b 19.8c 

Ba 97.8a 130c 117b 127c 

Cd 0.291a 0.805d 0.470b 0.642c 

Cr 9.51a 18.0c 9.58a 12.0b 

Cu 11.3a 15.5d 12.4b 13.7c 

Mn 263a 429b 481d 454c 

Ni 11.3a 14.9d 12.6b 13.9c 

Pb 15.4a 35.3d 16.6b 23.1c 

Zn 40.3a 51.4b 55.6d 54.0c 

 Soil treatment (2018) 

 Control MSS WA MSS+WA 

 Soil depth 0–30 cm (sampling 24 September, 2020) 

As 9.19a 35.6d 27.3b 30.4c 

Ba 56.0a 67.3d 59.6b 63.5c 

Cd 0.214a 0.625d 0.391b 0.494c 

Cr 12.6a 17.5c 13.1a 15.8b 

Cu 9.47a 12.0d 10.1b 11.2c 

Mn 368a 482b 529b 500b 

Ni 13.5a 14.1b 14.9c 14.7c 

Pb 10.1a 13.7d 11.4b 12.4c 

Zn 35.3a 40.2b 43.2b 41.9b 

*cc. HNO3 + cc. H2O2 extract. Data are means of 4 replications. ANOVA Tukey’s b-test. 

Means within the rows followed by the same letter are not statistically different at P < 0.05. 

 

In Hungary the 50/2001 GOVERNMENT DECREE (2001) controls the agricultural 

utilization of sewage sludge. The Cr content of the studied MSS exceeded the 1000 

mg kg–1 limit value for total chromium in sewage sludge. In the 36/2006 Decree of 

the Ministry of Agriculture and Rural Development for various crop-enhancing 

substances (mineral fertilizers, inorganic soil improvers) containing waste, the limits 

are 10 mg kg–1 for As, 2 mg kg–1 for Cd, 100 mg kg–1 for Cr, 100 mg kg–1 for Cu, 50 

mg kg–1 for Ni, and 100 mg kg–1 for Pb (FVM DECREE, 2006). In the studied WA, 

As and Cu concentrations were above these regulatory limits.  

Soil sampling for PTEs concentration analysis was repeated on 24 September 

2020, which was 116 weeks after the last soil treatments, done on 15 June 2018. 

Results are shown in Table 2. 

The 2020 year data confirm our observations from year 2018 that all soil 

additives, to a varying degree but uniformly, significantly increased the “pseudo-
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total” concentrations of the studied group of PTEs in topsoil, as compared to 

untreated control. Comparing the data of 2018 with those of 2020, it can be also stated 

that the relative concentrations of As and Cd increased, while those of Ba, Cu, Mn, 

Ni, Pb and Zn decreased during 2020, in all treated topsoils; as related to untreated 

control soil. These changes can be attributed to various rate downward migration 

(leaching) of PTEs (toxic element excess appeared in the “pseudo-total” and “plant 

available” fractions of 30–60 cm soil layer; SIMON et al., 2022), to various rate of 

binding of PTEs to soil colloids, or to uptake or accumulation (phytoextraction) of 

PTEs in willow organs, including leaves (Table 3). 

Similarly to 2018 year results (Table 2) it was recognized during 2020 that  

co-application of MSSC or MSS and WA resulted in significantly lower “pseudo-

total” As, Ba, Cd, Cr, Cu, and Pb concentrations in topsoil than application of 

MSSC+MSS alone. In other respects, it can be again concluded that only Mn and Zn 

were added from willow ash in significant amounts to soils treated with 

MSSC+MSS+WA, since the Mn and Zn concentrations in MSSC+MSS+WA were 

higher than in MSSC+MSS soil treatments. 

During September 2020 in the 0–30 cm layer of MSSC+MSS, WA or 

MSSC+MSS+WA treated soils 197–287% more As, 6–20% more Ba, 83–192% 

more Cd, 4–39% more Cr, 7–27% more Cu, 31–44% more Mn, 4–10% more Ni,  

13–36% more Pb, and 14–22% more Zn was detected in HNO3–H2O2 extracts  

(Table 2), as compared to PTE concentrations in untreated control soil. The most 

significant increment was observed in the amount of As and Cd in treated soils. 

 

Elemental composition of willow leaves 

Table 3 presents the effects of various soil treatments on the concentrations of 

nutrient elements (macroelements) in the leaves of energy willows. In July 2018, 

compared to control, it was found that the most significant increase in the 

concentration of P, K, Ca, and Mg in leaves can be observed if willow ash was applied 

to the soil. All other former soil treatments (MSSC+MSS or MSSC+MSS+WA) also 

enhanced significantly the P, K, Ca, or Mg concentrations in willow leaves. In the 

case of nitrogen concentration, in contrast to the other elements assessed, the highest 

value was measured in the control leaves, and slightly lower element contents were 

detected as a result of the different treatments. Since almost all former treatments in 

our long-term experiment resulted in higher harvestable wood biomass than in 

untreated control (SIMON et al., 2017), the decrease in releative concentration of 

nitrogen could be attributed to so-called ‘dilution effect’. Presumably, the treated 

plants absorbed more nitrogen from the soil than the control, however, this was 

distributed, ’diluted’ in the larger aboveground biomass. 

During the second leaf sampling in June 2019, similar phenomena were 

observed (Table 3); with the exception of nitrogen, the highest amounts of 

macronutrients were found in treated plants. As a result of the treatments, there was 

up to 15% decrease in the concentration of N in willow leaves, while P was present 

at 22% higher concentration in the leaves in MSSC+MSS treated plants than in 

control. Highest K (+14%) or Mg (+6%) concentrations were found in WA-treated 

leaves. Calcium concentrations were 15% higher in MSSC+MSS+WA treatment than 
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in control. Since wastewater solids are rich sources of phosphorus (JAMA & NOWAK, 

2012), and wood ashes are rich in potassium (DIMITRIOU et al., 2006), it could be 

presumed, that the surplus of P and K in the willow leaves originated from these soil 

amendments. 

The results of the third leaf sampling in May 2020 confirmed the results of the 

preceding years (Table 3). In terms of P and Ca, we found the highest element uptake 

in the leaves of MSSC+MSS treated plants. For K and Mg, however, the most 

significant increase in leaf concentration was found in WA treatment, compared to 

the untreated control. 
Table 3  

Effects of soil treatments on the concentrations of nutrient elements in the leaves of energy 

willows (Salix triandra × Salix viminalis ‘Inger’), grown in a long-term open-field 

experiment (Nyíregyháza, Hungary) 

 

Concentrations of 

nutrient elements  

Soil treatments (2011, 2013, 2016, 2018) 

Control MSSC+MSS WA MSSC+MSS+WA 

 Willow leaves (25 July 2018) 

N (m m–1 %) 2.22a 2.18a 2.08a 2.16a 

P (mg kg–1) 3141a 3341b 3638d 3500c 

K (mg kg–1) 5257a 6117b 7033c 6250b 

Ca (mg kg–1) 10399a 11085b 14556d 12981c 

Mg(mg kg–1) 5654a 5860b 6986d 6519c 

 Willow leaves (24 June 2019) 

N (m m–1 %) 2.60c 2.22a 2.38b 2.29ab 

P (mg kg–1) 3637a 4425d 3952b 4133c 

K (mg kg–1) 10462a 10913a 11964b 11487b 

Ca (mg kg–1) 8665a 9962c 9765b 9973c 

Mg(mg kg–1) 3879a 3974a 4124b 3991a 

 Willow leaves (27 May 2020) 

N (m m–1 %) 2.53a 2.50a 2.65a 2.51a 

P (mg kg–1) 4425a 6122c 5829b 6014bc 

K (mg kg–1) 11434a 12229b 13462c 12609b 

Ca (mg kg–1) 9828a 12608d 10597b 11656c 

Mg(mg kg–1) 4739a 5658b 6162c 5983bc 

Data are means of 4 replications. ANOVA Tukey’s b-test. Means within the rows followed by 

the same letter are not statistically different at P < 0.05. 

 

Table 4 shows the concentrations of selected PTEs in the leaves of willows 

grown in soils repeatedly treated with MSSC, MSS, or WA. It can be generally 

declared that all former soil treatments enhanced significantly the uptake or 

accumulation of PTEs in the leaves of willows. Elevated levels of As, Cd, Cr, Cu, Ni, 

or Pb in leaves of willow are, however, in the normal range for plants  

(KABATA-PENDIAS, 2011; SIMON, 2014). Only Zn concentrations (160–183 mg kg–1 

d.m.) measured during 2018 in leaves can be considered slightly excessive, 

considering that 100-400 mg kg–1 of zinc in mature leaf tissue is excessive or toxic 

(KABATA-PENDIAS, 2011; SIMON, 2014). 
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Table 4 

Effects of soil treatments on the concentrations of potentially toxic elements in the leaves of 

energy willows (Salix triandra × Salix viminalis ‘Inger’), grown in a long-term open-field 

experiment (Nyíregyháza, Hungary) 

 

PTE 

(mg kg–1) 

Soil treatments (2011, 2013, 2016, 2018) 

Control MSSC+MSS WA MSSC+MSS+WA 

 Willow leaves (25 July 2018) 

As 0.174a 0.276d 0.218b 0.250c 

Ba 6.18a 9.12c 8.56b 8.89bc 

Cd 0.806a 1.111d 0.974b 1.041c 

Cr 0.231a 0.473d 0.323b 0.399c 

Cu 8.71a 14.8c 9.08a 10.9b 

Mn 44.6a 51.0b 71.2d 60.8c 

Ni 1.08a 2.28d 1.76b 2.03c 

Pb 0.156a 0.568d 0.180b 0.372c 

Zn 123a 160b 183d 173c 

 Willow leaves (24 June 2019) 

As 0.176a 0.295d 0.200b 0.243c 

Ba 4.66b 4.22a 6.89d 5.47c 

Cd 0.847b 0.913d 0.792a 0.883c 

Cr 0.266a 0.543d 0.348b 0.461c 

Cu 8.04a 8.99c 8.40b 8.54b 

Mn 35.8a 34.3a 41.1c 37.9b 

Ni 1.06b 1.57d 0.97c 1.21c 

Pb 0.097a 0.308c 0.114a 0.220b 

Zn 79.7c 67.9a 79.9c 73.0b 

 Willow leaves (27 May 2020) 

As 0.194a 0.439c 0.349b 0.392bc 

Ba 5.45a 5.83a 6.46b 6.34b 

Cd 0.872b 0.994c 0.768a 0.868b 

Cr 0.304a 0.683d 0.395b 0.516c 

Cu 8.13a 9.39d 8.66b 9.01c 

Mn 39.0a 50.5b 56.2c 53.7c 

Ni 1.02b 1.33c 0.93a 1.06b 

Pb 0.110a 0.874d 0.332b 0.587c 

Zn 98.5a 133c 109b 117b 

Data are means of 4 replications. ANOVA Tukey’s b-test. Means within the rows followed by 

the same letter are not statistically different at P < 0.05. 

 

Comparing the concentrations of various PTEs in the leaves of willows during 

2018, 2019, or 2020 year, it can be observed, that the overall accumulation rate was 

higher immediately after soil treatments during 2018 than in 2019 or 2020. The 

highest Ba, Cd, Cu, Mn, Ni, and Zn concentrations were measured in the leaves 5 

weeks after soil treatments during 2018. Later, during 2019 or 2020, 53 or 101 weeks 

after last soil treatments the accumulation rate of PTEs in leaves decreased (Table 4). 

During May 2020, however, in leaves of MSSC+MSS-, WA- or MSSC+MSS+WA-

treated willows still 78–124% more As, 7–18% more Ba, 30–125% more Cr, 7–15% 
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more Cu, 29–44% more Mn, 202–695% more Pb, or 11–35% more Zn was detected, 

than in untreated control. During 2020, only MSSC+MSS treatments enhanced 

significantly the Cd accumulation in leaves by 14%, while former WA treatments 

reduced it by 12%, as compared to control (Table 4). This is in agreement with our 

observation that during 2020 the “pseudo-total” Cd concentrations in treated topsoils 

were lower than in 2018 (Table 2). During 2020, besides ‘pseudo-total’ ‘plant 

available’ concentrations of Cd were also higher in MSSC+MSS than in WA-treated 

soil (SIMON et al., 2022). 

It was observed in soils that MSSC+MSS+WA treatments resulted in more 

“pseudo-total” Mn and Zn in topsoil than MSSC+MSS application by itself  

(Table 2). This was reflected in leaves of willows, where significantly higher Mn or 

Zn concentrations were measured in MSSC+MSS+WA than in MSSC+MSS 

treatments during all observation periods (Table 4). 

Bioconcentration factors (BCF; ratio of a PTE concentration in the willow 

leaves to PTE “pseudo-total” concentration in soil) were calculated according to 

BUSCAROLI (2017) to estimate a plant's potential for phytoremediation, 

phytoextraction purposes. On the basis of 2020 year’ values of accumulated PTEs in 

leaves of willows (Table 4) and of “pseudo-total” concentrations of PTEs in soils 

(Table 2) the BCFs were in this order: ZnCdCuMnBaNiPbCrAs (SIMON 

et al., 2022). This is in agreement with observations of other authors (VYSLOUŽILOVÁ 

et al., 2003; DICKINSON & PULFORD, 2005; MAXTED et al., 2007; MLECZEK et al., 

2013) that willow leaves are effective phytoextractors of zinc, cadmium and partially 

copper from contaminated soils.  

 
Chlorophyll fluorescence of willow leaves 

Light adapted Fluorescence Yield (Y) was measured in 3 consecutive years after 

the soil treatment. Generally, the Y values were higher year by year which indicates 

the increasing photosynthetic intensity of plants and decreasing inhibitory effects of 

PTEs accumulated in willow leaves (Figure 3). Within years, there was no treatment 

effect in the first year of measurements but the highest Y values were measured in 

control plants indicating the slightly negative effects of tested soil additives on plants 

assimilation processes. In 2019, the Fluorescence Yield of control plants was similar 

to the value measured in 2018, while the treatments resulted in 5.2%, 8.3%, and 9.8% 

higher Y values compared to the results of 2018. The highest value was measured in 

the MSSC+MSS+WA treatment, which was significantly higher than the control. In 

2020, the lowest Fluorescence Yield values measured in the MSSC+MSS treatment 

were not significantly different from control and MSSC+MSS+WA treatments, 

however, the assimilation indicator was statistically higher in WA than in 

MSSC+MSS treatment.  

According to ŻUREK et al. (2014) chlorophyll a fluorescence gives information 

about the plant physiological status due to its coupling to the photosynthetic electron 

transfer chain and to the further biochemical processes. While fluorescence yield can 

be used for getting information about plant ability to tolerate environmental stresses 

(including an excess of PTEs in plant leaves) (MAXWELL & JOHNSON, 2000) we can 

state that plant conditions were better during 2020 and 2019 than in 2018, both in 
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control and treated cultures. Various PTEs could have positive or negative effects on 

assimilation processes in willow (KORZENIOWSKA & STANISLAWKA-GLUBIAK, 

2019; URBANIAK et al., 2017; STANISŁAWSKA-GLUBIAK et al., 2012). In 2018, after 

the treatment of soil with materials containing toxic elements and beneficial nutrients, 

not significant correlations were found between Photosynthetic Yield and element 

content, however, all the correlations were negative indicating the unfavourable 

effects of studied materials on plant assimilation processes right after their soil 

application (Table 5). It is advantageous therefore that soil treatments in our 

experiment only slightly reduced the chlorophyll fluorescence in the leaves of 

willows during 2018 (Figure 3), in spite of the enhanced levels (Table 4) of PTEs in 

leaves. During 2019 and 2020 however, higher Y values were observed in treated 

than in control plants (Figure 3). All this can be related to the fact that the 

macroelement (Ca, Mg, P, K) content (Table 3) in willow leaves increased due to soil 

treatments, which can alleviate the direct toxicity of PTEs. It was indicated by the 

positive, however not significant correlations between Y and macroelements  

(Tables 6 and 7).  

 
 

Figure 3 
Effects of soil treatments on the chlorophyll fluorescence yield (Y) in the leaves of energy 

willows (Salix triandra × Salix viminalis ‘Inger’), grown in a long-term open-field experiment 

(Nyíregyháza, Hungary). Data are means of 4 replications. ANOVA Tukey’s b-test. Means 

within the columns followed by the same letter are not statistically different at P < 0.05. 

 

2019 seems to be an exceptional year because the leaf N content was in negative 

while most of the PTEs were in weak positive correlations with Y (Table 6). In this 

year, the N concentration of treated plant leaves was lower than in control leaves 

(Table 3) explaining a negative correlation with Y. The applied soil amendments 

were very complex regarding their organic matter, macro-, microelements and PTEs 

content combined with yearly changing environmental parameters, resulting in 

changes in plant reactions to the treatments. 
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Wood ash increased the concentrations of Mn and Zn both in soils (Table 2) and 

willow leaves (Table 4). The correlations of these elements with Fluorescence Yield 

were not significant, but Zn and Y correlation was negative in all the three studied 

years. The correlations between Mn and Y were negative in the first year, near zero 

in the second year, and slightly positive in the third year (Tables 5–7). Zn and Mn 

take part in biological processes, they are essential elements for plants. Although the 

soil Zn and Mn concentrations were in the range of common values for 

uncontaminated sites, elevated Zn concentrations in willow leaves of treated cultures 

(Table 4) were around the upper limit for plants growing on unpolluted sites (SIMON, 

2014). This can explain that in combination with other PTEs we calculated slightly 

negative correlations between Zn and Y values in each year. 
 

Conclusions 

 

Repeated application of wastewater solids (MSSC, MSS) and wood ash (WA) 

significantly enhanced the amounts of PTEs (As, Ba, Cd, Cu, Mn, Pb, and Zn) in the 

topsoil of willows, grown for energetical purposes in a long-term experiment. 

Experimental soils, however, become only mildly contaminated with PTEs, since 

only the concentration of As approached or exceeded the Hungarian regulatory 

threshold limit. It can be concluded that these substances (MSSC, MSS, or WA) can 

be applied repeatedly to the soil to replenish mineral nutrients, without the danger of 

serious soil contamination. MSSC+MSS application in combination with WA 

resulted in significantly higher Mn and Zn, and lower As, Ba, Cd, Cr, Ni, and Pb 

concentrations in topsoil than MSSC+MSS treatment without WA.  

All soil treatments significantly enhanced the uptake of macronutrients (Ca, K, 

Mg, and P) or accumulation of PTEs in leaves of willows. Nitrogen concentrations 

in leaves of treated plants were generally slightly lower or similar to control. This 

could be explained by the ‘dilution effect’; presumably, the treated plants absorbed 

more nitrogen from the wastewater solids present in the soil than the control, 

however, this was distributed, ’diluted’ in the larger aboveground biomass. 

Significantly higher leaf Mn or Zn concentrations were measured in 

MSSC+MSS+WA than in MSSC+MSS treatments. The assumption that WA reduces 

the accumulation of PTEs in willow leaves when applied altogether with MSSC and 

MSS was therefore only partially confirmed. It was confirmed that willows are 

effective phytoextractors of Cd and Zn, and moderate or low amounts of Cu, Ba, As, 

Cr, Mn, Pb, and Ni can be translocated from a soil amended with wastewater solids 

or wood ash to willow leaves. 

In 2018 the treatments decreased the Fluorescence Yield values, while in 2019 

and 2020 the Y values were higher in treated than in control plants. These results 

could be related to good macro- and micronutrient supply of treated plants’ leaves, 

and predicts the highest rate of photosynthesis and highest biomass accumulation of 

shoots in wastewater solid or wood ash treated willow cultures. 

It can be also concluded that in the first year of MSS or WA application they 

caused slightly negative effects on the willow plants, indicated by the negative but 

not significant correlations between Fluorescence Yield and measured elements. It 
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can be supposed that the chemical processes that have taken place in the soil caused 

changes in the effects of soil amendments, resulting in generally slightly positive 

correlations between the elements and Y in the following years. However, our results 

also revealed that Zn, Cd, Ni, Cu, and Fe as PTEs could have negative effects on the 

assimilation processes of test plants. 

 

Acknowledgements 

 

This research was supported in the frame of Hungarian GINOP 2.2.1-15-2017-

00042 R&D Competitiveness and Excellence Cooperation by the “Genetic utilization 

of plants in the Pannon region” project. The authors appreciate the precise service of 

Dr. Tünde Pusztahelyi and her team from the Agricultural Instrument Center, 

University of Debrecen, Debrecen, Hungary in the plant and soil analysis. Support of 

the Scientific Council of the University of Nyíregyháza is acknowledged. 

 

References 

 
ADLER, A., DIMITRIOU, I., ARONSSON, P., VERWIJST, T., WEIH, M., 2008. Wood fuel 

quality of two Salix viminalis stands fertilised with sludge, ash and sludge–ash 

mixtures. Biomass and Bioenergy. 32. 914–925. 

ARTHUR, E.L., RICE, P.J., RICE, P.J., ANDERSON, T.A., BALADI, S.M., HENDERSON, 

K.L.D., COAST, J.R., 2005. Phytoremediation – an overview. Critical Reviews in 

Plant Sciences. 24. 109–122. 

BUSCAROLI, A., 2017. An overview of indexes to evaluate terrestrial plants for 

phytoremediation purposes (review). Ecological Indicators. 82. 367–380. 

CAVENDER-BARES, J. & BAZZAZ, F.A., 2004. From leaves to ecosystem: using 

chlorophyll fluorescence to assess photosynthesis and plant function in ecological 

studies. In: PAPAGEORGIOU, G.C. & GOVINDJEE (eds.). Chlorophyll a Fluorescence: 

A Signature of Photosynthesis. Chapter 29. Springer, Dordrecht, The Netherlands. 

pp. 737–755. 
DICKINSON, N.M. & PULFORD, I.D., 2005. Cadmium phytoextraction using short-rotation 

coppice Salix: the evidence trail. Environment International. 31. 609–613. 

DIMITRIOU, I., ERIKSSON, J., ADLER, A., ARONSSON P., VERWIJST, T., 2006. Fate of heavy 

metals after application of sewage sludge and wood-ash mixtures to short-rotation 

willow coppice. Environmental Pollution. 142. 160–169. 

FVM DECREE No. 36/2006 (V.18) of the Ministry of Agriculture and Rural Development 

(Hungary) on the licensing, storage, distribution and use of crop-enhancing 

substances https://net.jogtar.hu/jogszabaly?docid=a0600036.fvm (in Hungarian) 

GOVERNMENT DECREE No. 50/2001. (IV.3.) about the rules of agricultural utilization and 

treatment of sewage and sewage sludge. The Government of Hungary 

https://net.jogtar.hu/jogszabaly?docid=a0100050.kor (in Hungarian) 

GREGER, M., LANDBERG, T., 1999. Use of willow in phytoextraction. International 

Journal of Phytoremediation. 1. 115–123. 

GYURICZA, C., NAGY, L., UJJ, A., MIKÓ, P., ALEXA, L., 2008. The impact of composts on 

the heavy metal content of the soil and plants in energy willow plantations (Salix 

sp.). Cereal Research Communications. 36. 279–282. 

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 07/11/22 08:51 AM UTC



Phytoextraction of toxic elements… in the leaves of energy willow (Salix sp.)… 97 

JAMA, A., NOWAK, W., 2012. Willow (Salix viminalis L.) in purifying sewage sludge 

treated soils. Polish Journal of Agronomy. 9. 3–6. 

JHA, A.B., MISRA A.N., SHARMA, P., 2017. Phytoremediation of heavy metal-

contaminated soil using bioenergy crops. In: BAUDDH, K. SINGH, B., KORSTAD J. 

(eds.), Phytoremediation Potential of Bioenergy Plants. Springer, Singapore.  

pp. 63–96.  

KABATA-PENDIAS, A., 2011. Trace Elements in Soils and Plants. Fourth Edition. CRC 

Press. Taylor & Francis Group, Boca Raton, FL. 

KVVM-EÜM-FVM JOINT DECREE No. 6/2009. (IV. 14.) of the Ministry of Environment 

and Water Management, Ministry of Health, Ministry of Agriculture (Hungary) on 

the threshold limits and measurement of pollutants necessary to protect the 

geological medium and groundwater against pollution. https://net.jogtar.hu/ 

jogszabaly?docid=a0900006.kvv (in Hungarian) 

KOLE, C., JOSHI, C.P., SHONNARD, D.R. (eds.)., 2012. Handbook of Bioenergy Crop 

Plants. CRC Press. Boca Raton, London, New York.  

KORZENIOWSKA, J., STANISLAWSKA‑GLUBIAK, E., 2019. Phytoremediation potential of 

Phalaris arundinacea, Salix viminalis and Zea mays for nickel‑contaminated soils. 

International Journal of Environmental Science and Technology. 16. 1999–2008. 

KULIG, B., GACEK, E., WOJCIECHOWSKI, R., OLEKSY, A., KOŁODZIEJCZYK, M., 

SZEWCZYK, W., KLIMEK-KOPYRA, A., 2019. Biomass yield and energy efficiency 

of willow depending on cultivar, harvesting frequency and planting density. Plant, 

Soil and Environment. 65. 377–386. 

LABRECQUE, M., HU, Y., VINCENT G., SHANG, K., 2020. The use of willow microcuttings 

for phytoremediation in a copper, zinc and lead contaminated field trial in Shanghai, 

China. International Journal of Phytoremediation. 22. 1331–1337. 

LAZDINA, D., BARDULE, A., LAZDINŠ, A., STOLA, J., 2011. Use of waste water sludge and 

wood ash as fertiliser for Salix cultivation in acid peat soils. Agronomy Research. 

9. 305–314. 

MAXTED, A.P., BLACK, C.R., WEST, H.M., CROUT, N.M.J., MCGRATH, S.P., S.D. 

YOUNG., 2007. Phytoextraction of cadmium and zinc by Salix from soil historically 

amended with sewage sludge. Plant and Soil. 290. 157–172. 

MAXWELL, K., JOHNSON, G.N., 2000. Chlorophyll fluorescence – a practical guide. 

Journal of Experimental Botany. 51. 659–668. 

MERILO, E., HEINSOO, K., KULL, O., SÖDERBERGH, I., LUNDMARK, T. Koppel, A., 2006. 

Leaf photosynthetic properties in a willow (Salix viminalis and Salix dasyclados) 

plantation in response to fertilization. European Journal of Forest Research. 125. 

93–100. 

MLECZEK, M., GĄSECKA, M., DRZEWIECKA, K., GOLIŃSKI, P., MAGDZIAK, Z., 

CHADZINIKOLAU, T., 2013. Copper phytoextraction with willow (Salix viminalis L.) 

under various Ca/Mg ratios. Part 1. Copper accumulation and plant morphology 

changes. Acta Physiologiae Plantanarum. 35. 3251–3259. 

MSZ 21470-50, 2006. Environmental testing of soils. Determination of total and soluble 

toxic element, heavy metal and chromium(VI) content. Hungarian Standards Board, 

Budapest (in Hungarian). 

PARK, B.B., YANAI, R.D., SAHM, J.M., LEE, D.K., ABRAHAMSON, L.P., 2005. Wood ash 

effects on plant and soil in a willow bioenergy plantation. Biomass and Bioenergy. 

28. 355–365. 

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 07/11/22 08:51 AM UTC



98 SIMON et al. 

PULFORD, I.D., RIDDELL-BLACK, D., STEWART, C., 2002. Heavy metal uptake by willow 

clones from sewage sludge-treated soil: The potential for phytoremediation. 

International Journal of Phytoremediation. 4. 59–72. 

PULFORD, I.D., WATSON, C., 2003. Phytoremediation of heavy metal contaminated land 

by trees – a review. Environment International. 29. 529–540. 

SALAM, M.M.A., MOHSIN, M., KAIPIAINEN, E., VILLA, A., KUITTINEN, S., PULKKINEN, P., 

PELKONEN P., PAPPINEN, A., 2019. Biomass growth variation and phytoextraction 

potential of four Salix varieties grown in contaminated soil amended with lime and 

wood ash. International Journal of Phytoremediation. 21. 1522–1340. 

SALETNIK, B., PUCHALSKI, C. 2019. Suitability of biochar and biomass ash in basket 

willow (Salix viminalis L.) cultivation. Agronomy. 9. 577. 

SALETNIK, B., ZAGUŁA, G. SALETNIK, A., BAJCAR M., PUCHALSKI, C., 2020. Biochar and 

ash fertilization alter the chemical properties of basket willow (Salix viminalis L.) 
and Giant Miscanthus (Miscanthus × giganteus). Agronomy. 10. 660.  

SAMEENA, P.P., PUTHUR, J.T., 2021. Heavy metal phytoremediation by bioenergy plants 

and associated tolerance mechanisms. Soil and Sediment Contamination. 30.  

253–274. 

SIMON, L. 2004. Phytoremediation. Környezetvédelmi Füzetek, 2318. BMKE OMIKK, 

Budapest. (in Hungarian) 

SIMON, L. 2014. Potentially harmful elements in agricultural soils. In: BINI, C., BECH, J. 

(eds.). PHEs, Environment and Human Health. Potentially Harmful Elements in the 

Environment and the Impact on Human Health. Springer, Dordrecht, Heidelberg, 

New York, London. pp. 85–137, 142–150. 

SIMON, L., VINCZE, G., URI, Z., IRINYINÉ OLÁH K., VIGH, S., MAKÁDI, M., ARANYOS, 

T., ZSOMBIK, L., 2016. Long-term open-field fertilization experiment with energy 

willow (Salix sp.) – experiences of the first 5 years (in Hungarian). Növénytermelés. 

65. 59–76. 

SIMON L., URI, Z., VINCZE G., IRINYINÉ OLÁH K., VIGH, S., 2017. Impact of artificial 

fertilizers, biowastes and mineral fertilizers on yield parameters of energy willow 

(Salix sp.). In: TÓTH, C. (ed.). Indigenous and Landscape Varieties  Ecological 

Products  Healthy Nutrition  Rural Development Conference. University of 

Nyíregyháza, Nyíregyháza, 5-7 October 2016. Proceedings of the Conference. 

Publisher: Technical and Agricultural Institute of the University of Nyíregyháza, 

Nyíregyháza, pp. 63–73. (ISBN 978-615-5545-69-6). 

SIMON, L., MAKÁDI, M., VINCZE, G., URI, Z., IRINYINÉ OLÁH K., ZSOMBIK, L., VIGH, S., 

SZABÓ, B., 2018. Long-term field fertilization experiment with energy willow (Salix 

sp.) − Elemental composition and chlorophyll fluorescence in the leaves. Agrokémia 

és Talajtan. 67. 91–103. 

SIMON, L., URI, Z. VIGH, Sz., IRINYINÉ OLÁH, K., MAKÁDI, M. & VINCZE, G., 2022. 

Phytoextraction of Potentially Toxic Elements from Wastewater Solids and Willow 

Ash − Experiences with Energy Willow (Salix triandra × S. viminalis ’Inger’). 

Chapter 13. In: PUTHUR, J.T. & DHANKHER, O.P. (eds.). Bioenergy Crops: A 

Sustainable Means of Phytoremediation. CRC Press/Taylor & Francis Group. Boca 

Raton. pp. 227–245. 

SMART, B.L., CAMERON, K.D., 2012. Shrub willow. In: KOLE, C., JOSHI, C.P., 

SHONNARD, D.R. (eds.), Handbook of Bioenergy Crop Plants. CRC Press. Boca 

Raton, London, New York. pp. 687–708. 

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 07/11/22 08:51 AM UTC



Phytoextraction of toxic elements… in the leaves of energy willow (Salix sp.)… 99 

STANISŁAWSKA-GLUBIAK, E., KORZENIOWSKA, J., KOCOŃ, A., 2012. Effect of the 

reclamation of heavy metal-contaminated soil on growth of energy willow. Polish 

Journal of Environmental Studies. 21. 187–192. 

STREZOV, V., ANAWAR, H.M. (eds.), 2019. Renewable Energy Systems from Biomass. 

Efficiency, Innovation, and Sustainability. CRC Press, Boca Raton FL. 

TŐZSÉR, D., HARANGI, S., BARANYAI, E., LAKATOS, G., FÜLÖP, Z., TÓTHMÉRÉSZ, B., 

SIMON, E., 2018. Phytoextraction with Salix viminalis in a moderately to strongly 

contaminated area. Environmental Science and Pollution Research. 25. 3275–3290. 

URBANIAK, M., WYRWICKA, A., TOŁOCZKO, W., SERWECIŃSKA, L., ZIELIŃSK, M., 2017. 

The effect of sewage sludge application on soil properties and willow (Salix sp.) 

cultivation. Science of the Total Environment. 586. 66–75. 

VANDECASTEELE, B., QUATAERT, P., PIESSCHAERT, F., LETTENS, S., DE VOS, B., 

DULAING, G. 2015. Translocation of Cd and Mn from bark to leaves in willows on 

contaminated sediments: delayed budburst is related to high Mn concentrations. 

Land. 4. 255–280. 

VYSLOUŽILOVÁ, M., TLUSTOŠ, P., SZÁKOVÁ, J., 2003. Cadmium and zinc phytoextraction 

of seven clones of Salix spp. planted on heavy metal contaminated soils. Plant, Soil 

and Environment. 49. 542–547. 

WEIH, M., RÖNNBERG-WÄSTLJUNG, A-N., 2007. Shoot biomass growth is related to the 

vertical leaf nitrogen gradient in Salix canopies. Tree Physiology. 27. 1551–1559. 

WÓJCIK, M., STACHOWICZ, F., MASŁOŃ, A. 2020. The use of wood biomass ash in sewage 

sludge treatment in terms of its agricultural utilization. Waste and Biomass 

Valorization. 11. 753–768. 

ZAJĄC, G., SZYSZLAK-BARGŁOWICZ, J., SZCZEPANIK, M., 2019. Influence of biomass 

incineration temperature on the content of selected heavy metals in the ash used for 

fertilizing purposes. Applied Sciences. 9. 1790.  

ŻUREK, G., RYBKA, K., POGRZEBA, M., KRZYŻAK, J., PROKOPIUK, K. 2014. Chlorophyll 

a fluorescence in evaluation of the effect of heavy metal soil contamination on 

perennial grasses. PLoS One. 9. e91475.  

 

Received: 24 Mar 2022 

Accepted: 31 May 2022 

 

Open Access statement. This is an open-access article distributed under the terms of the Creative Commons 

Attribution-NonCommercial 4.0 International License (https://creativecommons.org/licenses/by-nc/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium for non-commercial purposes, 

provided the original author and source are credited, a link to the CC License is provided, and changes – if any 

– are indicated. 

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 07/11/22 08:51 AM UTC


