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• An orthogonal test of turfgrass remedi
ation of trace metals (TMs) was 
designed. 

• Grass species and planting patterns 
affected the growth factor and TMs 
enrichment. 

• Citric acid increased turfgrass biomass 
and the bioconcentration factors of TMs. 

• Auxin spraying facilitated the bio
accumulation of Cd by turfgrass. 

• Intercropping of Z. matrella and 
L. perenne showed a potential for TMs 
remediation.  

A R T I C L E  I N F O   

Handling Editor: T Cutright  

Keywords: 
Citric acid 
Gibberellin 
Phytoextraction 
Sludge recycling 
Trace metal 
Turfgrass 

A B S T R A C T   

Trace metal pollution in soils is one of the universal environmental problems in the world. Phytoremediation is a 
green, safe, ecological, and economic method to achieve continuous reduction of soil pollutants. Turfgrass is a 
plant with great landscape value and has considerable biomass when used for remediation of trace metal 
contaminated soil. However, its remediation ability needs to be improved in future application. The combined 
application of turfgrass, citric acid (CA) and auxin (gibberellin, GA3) were applied in the phytoremediation of an 
artificial nutritive soil derived from sludge, and a field scale orthogonal experiment (L9) was conducted to un
derstand the interaction effect and obtain the optimum phytoremediation. Experimental results showed that the 
types and cultural patterns of turfgrass mainly determined plant height, root length and trace metal concen
tration in turfgrass, however CA treatment was prone to increase the aboveground biomass and the concen
trations of most trace metals in turfgrasses, especially the concentration of Ni in turfgrass. GA3 spraying 
significantly increased the concentration of Cd in turfgrass. The culture patterns of turfgrass played 42.4% in
fluence on acid-extractable Cd, while CA applying had 53.8% influence on the acid-extractable Ni. The annual 
phytoextraction amount of trace metals based on five mowing a year were proposed to assess the remediation 
ability of treatments, which of the combination treatment (T3, intercropping Zoysia matrella and Lolium perenne, 
and applying 400 mg kg− 1 CA and 30 mg kg− 1 GA3) were 1.6–2.1 times higher CK group. This research provides 
technical reference for intercropping turfgrass for remediation of trace metals in sludge-derived nutritive soil.   
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1. Introduction 

With the rapid development of modern industry and agriculture, 
these industrial and agricultural activities are easy to release potentially 
toxic trace metals into soil and water (Oladoye et al., 2022). Seriously, 
trace metals cannot be biodegraded, resulting the continuous accumu
lation and migration of trace metals in the environment will pose a great 
threat to human health and ecological security (Sidhu et al., 2020). 
Compared with traditional remediation methods, phytoremediation is 
an innovative method to reduce or detoxify pollutants by using green 
plants (Sidhu et al., 2020; Li et al., 2021b). Turfgrass has the charac
teristics of rapid growth, huge root and biomass, strong stress resistance, 
and more valuably, it can enrich a variety of trace metals from soils such 
as Cu, Zn, Pb, Cd, and Ni, showing excellent potential on phytor
emediation (Desjardins et al., 2018; Zhang and Ji, 2019; Steliga and 
Kluk, 2020). Even more surprisingly, turfgrasses are highly regenerative 
and can be mowed multiple times in a year. Each mowing removes the 
trace metals accumulated in the aerial parts and allows the turfgrass to 
start new growth and obtain additional biomass (Zhao et al., 2011). 
Even with all its benefits, turfgrass has one deficiency is that the con
centrations of trace metals accumulated in it are much lower than those 
in hyperaccumulator plants, such as Sedum alfredii H. and Brassica juncea 
L. (Cao et al., 2020). Therefore, improving the extraction ability of trace 
metals in turfgrass is the key to realize the phytoremediation of trace 
metals by turfgrass. 

Improving the low bioavailability of heavy metals in contaminated 
soil is an effective way to increase phytoremediation efficiency (Ma 
et al., 2020). Therefore, chelating agents, such as ethyl
enediaminetetraacetic acid (EDTA), citric acid (CA) are used to assist 
remediation (Lestan et al., 2008; Gul et al., 2021). Chelating agents can 
activate metal ions in soil and improve their bioavailability through 
direct metal chelation (Sarret et al., 2001), thus improving the accu
mulation and extraction efficiency of heavy metals in plants. (Bulak 
et al., 2014; Rostami and Azhdarpoor, 2019). For large-scale field ap
plications, biodegradable chelating agents are preferred, such as CA, a 
natural organic acid owning an appropriate biodegradation rate in the 
soil (Ehsan et al., 2014). 

Another strategy to improve the efficiency of phytoremediation is to 
increase the biomass of plant. Many plant growth regulators have been 
used as modifiers for phytoremediation (Bulak et al., 2014), such as 
gibberellins, cytokinins, and salicylic acid. In addition, these growth 
regulators had been proved to improve plant extraction efficiency by 
promoting plant tolerance to trace metals (Gou et al., 2010; Chen et al., 
2020). For example, spraying gibberellin acid (C19H22O6, CAS:77-06-5) 
and indoleacetic acid (C10H9NO2, CAS:87-51-4) on leaves improved the 
ability of plants to extract Pb (Hadi et al., 2013). Moreover, the poly
cultures in intercropping was demonstrated as a promising cultivation to 
improve phytoremediation system flexibility (Cui et al., 2018; Desjar
dins et al., 2018) and biomass (Cui et al., 2021). Recently, the combi
nation of growth regulators and chelating agents showed a great 
potential on increasing metal absorption. The chelating agent can 
penetrate the membrane and reinforce metal absorption, while the 
growth regulators can attenuate metal stress through promoting chela
tion, vacuolar sequestration, and modulation of antioxidant pathways 
(Mao et al., 2015; Liang et al., 2019; Singh et al., 2021). 

Based on the research achievements stated above, we hypothesized 
that coupling chelating agents and plant growth agents could improve 
the ability of turfgrass (monocropping or intercropping) to remediate 
heavy metals in soil. Therefore, a field experiment was designed, 
including three factors of turfgrass planting pattern, citric acid spraying, 
and GA3 spraying. The annual extracted amount was put forward as an 
evaluation index of phytoextraction efficiency, which presented the 
amount of trace metals removed from contaminated soil by mowing the 
turfgrass. The research provides scientific basis and feasibility for the 
large-scale utilization of turfgrass as a phytoremediation in the later 
period. 

2. Materials and methods 

2.1. Experimental site and materials 

The experimental field locates at Ruixue Flower Company 
(30◦00′28.5 ′′N, 121◦36′33.2 ′′E) in Zhenhai District, Ningbo City, Zhe
jiang Province. The area of the tested land is 600 m2 and rectangular. 
Before the experiments, the land was divided into 10 blocks of similar 
size, the size of each block is 3 × 20 m2, numbered from T1 to T9, and 
the left block was marked as CK and used as a blank control group. 

The artificial nutritive soil derived from sludge, namely SDN soil, 
used in this study was provided by Ningbo High-tech Zone Chunli 
Energy-saving Technology Co., Ltd. The SDN soil was dark brown, which 
was produced by mixing the aerobic compost sludge with lime, rice 
husk, and clay mineral. According to the physicochemical properties 
listed in Table 1, SDN soil was slightly alkaline, with high cation ex
change capacity (CEC) and soil organic matter (SOM) content, and is 
more loose than ordinary soil. The concentrations of trace metals of Cu, 
Zn, Pb, Cd, and Ni in SDN soil were lower than the risk screening values 
of the risk control standard for soil contamination of development land 
(GB 36600–2018), but still higher than their respective risk screening 
values of the risk control standard for agricultural land (GB 
15618–2018). Only by reducing the heavy metal concentrations to 
lower than values in GB 15618, can the potential risk of heavy metals be 
eliminated. 

The turfgrass seeds of Zoysia matrella, Lolium perenne, Festuca arun
dinacea, and Cynodon dactylon were provided by the Ruixue Flowers 
Company. Citric acid (CA) was purchased from Huayan Chemical Co., 
Ltd., and gibberellin (GA3) was obtained from Shangdong Bestway 
Pesticide Co., Ltd. 

2.2. Experimental design and turfgrass harvesting 

Orthogonal experimental design is a an efficient, rapid, and 
economical experimental design method to study multi-factors at multi- 
levels, and had been widely used in the field of environmental science 
(Dai et al., 2016). An orthogonal test of L9 (3 × 3) was designed 
involving three regulatory factors: the turfgrass species and cropping 
pattern (Factor A), CA treatment (Factor B), GA3 treatment (Factor C), as 
shown in Table 2. In terms of Factor A, there are four kinds of turfgrass 
species commonly used in local gardens, and monocropping or inter
cropping were determined according to their growth characteristics. 
F. arundinacea grows upright and has strong stress resistance and 
vigorous growth, so it can achieve good turfgrass coverage even if 

Table 1 
Physicochemical properties of SDN soil.  

Indicator Values 

The moisture content (%) 29.9 ±
2.97     

Bulk density (g cm− 3) 0.93 ±
0.04     

pH 7.6 ± 0.1     
Soil organic matter (g kg− 1) 205 ± 59     
Cation exchange capacity 

(cmol kg− 1) 
190 ± 25     

Metal concentration Total BCR1 BCR2 BCR3 Residue 

Cu (mg kg− 1) 45.38 ±
1.54 

2.9% 11.4% 29.4% 56.3% 

Zn (mg kg− 1) 393.6 ±
24.3 

16.7% 28.2% 15.3% 39.7% 

Pb (mg kg− 1) 100.4 ±
3.5 

9.6% 9.7% 7.2% 73.5% 

Cd (mg kg− 1) 5.45 ±
0.13 

12.6% 26.0% 13.0% 48.5% 

Ni (mg kg− 1) 64.32 ±
0.67 

9.3% 10.3% 12.6% 67.8%  

F. Li et al.                                                                                                                                                                                                                                        
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planted alone. L. perenne can support each other and obtain good growth 
(Desjardins et al., 2018; Zhang and Ji, 2019). Z. matrella and C. dactylon 
have fibrous roots, which give them a large root biomass, but creeping 
stems, which give them a low aboveground biomass and less turfgrass 
coverage. 

The SDN soil was laid on the 10 blocks with a 10-cm thick. According 
to the soil bulk density in Table 1 and the dosages in Table 2, CA and GA3 
solutions with the required concentration were calculated and prepared, 
and then the solutions were evenly sprayed on each test plot by spraying 
the same volume of solution per unit area. CA was sprayed at the 
beginning of the experiment into SDN soil, while GA3 was sprayed on 
turfgrass surface 15 days after seed germination. After that, the same 
dosage of CA or GA3 was applied 15 days after each mowing. During the 
growth of turfgrass, except watering, all the plots were not added other 
artificial substances. 

The turfgrass was first harvested 45 days after germination, and then 
harvested every two months, leaving 3-cm stubble heights after each 
harvesting. Five harvesting were carried out in October 2017, December 
2017, February 2018, April 2018, and June 2018. Because the turfgrass 
were dormant in July and August, there was no harvest. 

2.3. Sample collection 

Each sampling was taken 1–3 days before each mowing. Two sam
pling units with a size of 1.5 m × 5 m were freely selected for each block. 
Collect the whole grasses and the corresponding root soils, and the 
whole grasses were separated into subsamples of roots and shoots. The 
roots and shoots were first thoroughly washed with tap water, and then 
washed with distilled water, drained with paper (Zhang and Ji, 2019). 
The length and biomass of fresh plant shoots and roots were measured 
with a tape and an electronic balance respectively (Desjardins et al., 
2018). All the subsamples were separately dried in 105 ◦C oven for 30 
min to kill the enzyme activity, and then dried in 60 ◦C oven for 24 h to 
volatilize water to a constant weight. For the soils, 0–10 cm depth of soil 
was collected with the cutting-ring method (Chen et al., 2021). All soil 
samples were air dried at room temperature and then ground to pass 
through a 100-mesh sieve after removing impurities. All plant and soil 
samples were stored in polyethylene bottles for analysis. 

2.4. Sample analysis 

Trace metals in soils were digested with a microwave digestion 
system (MARS6, CEM, United States) and the total amounts were 
determined by flame AAS (AAnalyst 800, PerkinElmer, United States). 
The operationally defined fractionation analysis of heavy metals in soil 
was carried out using a modified procedure proposed by the Community 
Reference Bureau (BCR), which includes four fractions, namely acid- 
extractable (BCR1), reducible (BCR2), oxidizable (BCR3) and the re
sidual (Rauret et al., 1999). After extraction, the concentrations of each 
fraction were same as the total amount. In terms of total quantity 
measurement, the certified reference materials for plants and soil 

(GBW10016, GBW07430) were obtained from Institute of Geophysical 
and Geochemical Exploration, Chinese Academy of Geological Sciences 
for accuracy quality control. The measured concentrations of Cu, Zn, Pb, 
Cd, and Ni in GBW10016 were 18.83 ± 0.96, 50.15 ± 1.44, 1.47 ± 0.09, 
0.0666 ± 0.0002 and 3.47 ± 0.39 mg kg− 1, respectively, with the 
relative standard deviation ranged in 2.64%–6.00%; while these in
dicators in GBW07430 were 30.80 ± 1.23, 97.36 ± 3.53, 57.90 ± 2.45, 
0.235 ± 0.029 and 28.88 ± 0.92 mg kg− 1, respectively, presented 
acceptable relative standard deviations in the range of 1.24%–7.42%. 

2.5. Evaluating the bioconcentration and translocation ability of trace 
metals 

Bio-concentration factor (BCF) is an important indicator to evaluate 
the repair ability of a plant. The BCF is calculated as the ratio of metal 
concentration in plant root to metal concentration in soil (Ghazaryan 
et al., 2019a). The calculation formula is as follows: 

BCF=
Metal ​ content ​ in ​ plant ​ shoot, ​ mg ​ kg− 1

Metal ​ content ​ in ​ soil, ​ mg ​ kg− 1 (1) 

The most intuitive evaluation for phytoremediation is how much 
trace metals are removed from the soil by transferring trace metals to the 
aerial parts of plants (Wu et al., 2021). Therefore, the annual phytoex
traction amount (APEA) is proposed to assess phytoremediation effi
ciency and is calculated by the following equation: 

APEA=
∑5

i=1
C i × biomass ​ i (2)  

Where C i represents the trace metals concentrations (mg kg− 1) in the 
aboveground of turfgrass in each mowing. Biomass i indicates the 
aboveground biomass per unit area of turfgrass mowed every two 
months (kg m− 2). The APEA (mg m− 2 a− 1) is simplified as a sum of five 
mowing in 10 months of due to the negligible growth in the remaining 
two months as mentioned previously. 

2.6. Data processing and statistical analysis 

The trace metals concentrations in soils and plants are expressed as a 
dried weight. The experimental data is processed by adopting Microsoft 
Excel 2016 for analysis of the means, standard deviation, coefficient of 
variation, range analysis of orthogonal test, as well as for drawing 
analysis. IBM SPSS Statistics 25 (SPSS Inc. IBM Corporation, Armonk, 
NY, USA) was used for statistical analysis and regression analysis. One- 
way analysis of variance (ANOVA) was performed to compare the means 
of different treatments. 

3. Results and discussion 

3.1. Growth performance of turfgrass under treatments 

Plant height, root length, and biomass are the most basic indexes in 
plant morphology and are direct manifestations of plant growth per
formance. As shown in Table S1, turfgrass grew well, reaching 14–23 cm 
in height during 45 days of growth, including new growth after each 
mowing. It could be seen that T6 treatment had the most advantageous 
effect on turfgrass growth with the largest root mass and root length, 
while T3 treatment had the largest aboveground biomass and T9 treat
ment had the largest plant height. As a remediation plant, a large 
biomass facilitates extraction of trace metals, and a well-developed root 
system is also key to acquire trace metals (Wei et al., 2021). 

The range analysis of the orthogonal experiment for plant growth 
characteristics manifested that Factor A had the greatest effect on root 
length and plant height, followed by CA treatment and GA3 foliar spray 
(Fig. S1, Table S2). The influence degree of three factors on turfgrass 
biomass was Factor B > Factor A > Factor C from high to low (Table S2). 

Table 2 
Design of orthogonal test.  

Experiment 
code 

Treatment Factor A Factor B Factor C 

Culturing pattern CA (mg 
kg− 1) 

GA3 (mg 
kg− 1) 

T1 A1B1C1 A1 (Zoysia matrella 
+ Lolium perenne) 

B1 (0) C1 (60) 
T2 A1B2C2 B2 (200) C2 (0) 
T3 A1B3C3 B3 (400) C3 (30) 
T4 A2B1C2 A2 (Festuca 

arundinacea) 
B1 (0) C2 (0) 

T5 A2B2C3 B2 (200) C3 (30) 
T6 A2B3C1 B3 (400) C1 (60) 
T7 A3B1C3 A3 (Cynodon 

dactylon 
+ Lolium perenne) 

B1 (0) C3 (30) 
T8 A3B2C1 B2 (200) C1 (60) 
T9 A3B3C2 B3 (400) C2 (0)  

F. Li et al.                                                                                                                                                                                                                                        
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As reported, the growth performance of different turfgrasses species 
varies greatly, for example, their plant height ranges from 10 cm to 110 
cm and biomass is from n to n × 100 mg cm− 2 (Cui et al., 2018, 2021). In 
addition, CA had a significant promoting effect on the growth perfor
mance of turfgrass, especially on biomass, which increased with the 
increase of application amount. Similar results had been reported that 
adding CA was beneficial to increase the biomass of Juncus effusus L. 
(Najeeb et al., 2009), and to increase shoot and root length of Brassica 
napus L. (Zaheer et al., 2015). It could be attributed to the facilitation of 
CA to release of soil nutrients, such as available phosphorus from soil 
minerals (Jones, 1998), thus promoted plant growth. However, GA3 
played little influence on turfgrass growth in the study. Usually, GA3 is 
involved in many process in plant growth, and exogenously applying 
was used to protect the photosynthetic apparatus against heavy metal 
stress (Bulak et al., 2014). Considering the well growth of turfgrass in 
this experiment, the effect of GA3 on promoting plant growth was 
probably too weak to show up. 

3.2. Accumulation of trace metals in turfgrass 

The reduction of trace metals in soil can be realized by mowing the 
lawn and separating it from the field (Habiba et al., 2015). The con
centrations of trace metals in turfgrass varied greatly, manifesting as 
large error bars, shown in Fig. 1, indicating that the uptake of trace 
metals of turfgrass had great differences in different time/season 
(Fig. S2). Usually, plants growing at higher temperatures have a higher 
translocation rate (the ratio of total metal content in shoot to total metal 
content in whole plants) for trace metals due to higher leaf transpiration 
(Pourghasemian et al., 2013; Ma et al., 2017). However, another study 
reported that concentrations of most elements were higher in grasses in 
winter than in summer (Rea et al., 2021). This is probably because those 
cool-season grass grasses, such as tall fescue and ryegrass, have optimum 
growth temperature in 10–20 ◦C, and in summer, when the temperature 
exceeds 30 ◦C, their growth will slow down and even enter a dormant 
state. In addition, turfgrass grows better when they are maintained at a 
suitable mowing height. Therefore, the growth of turfgrass was affected 
by seasonal changes and human mowing in the study, and these factors 
could also affect its behavior of enriching trace metals. However, the 
relationship between the number and timing of mowing and the accu
mulation of trace metals in turfgrass is still unclear. 

The effects of treatments on the extraction capacity of turfgrass 
varied with different trace metals. The accumulation of Ni was most 
obvious. Treatments T2, T3, T6, T8 and T9 significantly increased Ni 
concentration in roots, and T3, T8 and T9 increased concentration Ni in 
leaves. For Cu, Zn and Cd, only a few treatments achieved significant 
differences. Treatment T5, T6 and T9 significantly increased Cu con
centration both in roots and aerial parts; Treatment T3 and T9 only 
increased Zn concentration in roots; and treatment T3 and T9 signifi
cantly increased the Cd concentration in roots and aerial parts, but 
treatment T6 significantly decreased the concentrations of Zn and Cd in 
aerial parts. Pb was the only metal that did not change significantly in 
roots and aerial parts. Li et al. (2012) used stable Pb isotopes tracing 
technology showed that plants can take Pb from the atmosphere, and Pb 
concentration in PM2.5 was 0.241 ± 0.144 μg m− 3 in Chinese cities and 
was second only to Zn (Shen et al., 2021). Therefore, the main source of 
lead in turfgrass is probably atmospheric Pb rather than soil Pb, which 
could explain the unchanged Pb concentration in turfgrass. 

According to the range analysis of orthogonal test (Table S3) and 
ANOVA analysis results, for the concentration of trace metals in turf
grass shoots, Factor A had the greatest influence degree on Cu, Zn and Pb 
(45.5% ~ 56.3%), reaching the significant level (p < 0.05), and the 
intercropping of C. dactylon + L. perenne showed the optimum promo
tion, indicating the complementarity of turfgrass was beneficial to the 
extraction of heavy metals. Previous studies also proved that inter
cropping of Festuca arundinacea, Medicago sativa, and Salix miyabeana 
was more effective in absorbing trace metals such as Cd, Cu, Pb, and Zn, 

than individual monocrop (Desjardins et al., 2018). The GA3 spraying 
played dominant (48.8%) and significant (P < 0.05) effect on Cd con
centration. It has been reported that GA3 helps plants to synthesize 
proline and phenolic compounds to relieve Cd stress (Ali and Hadi, 
2015). CA applying had the predominant influence on Ni concentration 
(74.6%), which reached the significant level (p < 0.05) and increased 
with increasing dosage. CA can complex with trace metals, increasing 
the dissolution of trace metals in the soil, and facilitating the absorption 
and enrichment of plant roots (Gerhardt et al., 2017). 

For the concentration of trace metals in turfgrass roots (Table S4), 
the CA applying played a dominant and significant (p < 0.05) influence 
on Cu, Cd, and Ni concentration (41.6%–51.8%), which were increased 
monotonically with CA dosage, while Factor A produced predominant 
influence on the concentrations of Zn and Pb (76.9% and 72.9%) but not 
reached the significance level. However, the GA3 spraying had little and 
insignificant effect on the bioaccumulation of trace metals in turfgrass 
root, which might be related to the way of foliar spray. 

Among all treatments, T9, the combination of C. dactylon + L. per
enne and CA 400 mg kg− 1, was outstanding in promoting the uptake of 
trace metals with the significantly high concentrations of Cu, Zn, Pb and 
Ni both in roots and aerial parts of turfgrasses. In addition, T3 treatment, 
the turfgrass culturing pattern of Z. matrella + L. perenne, CA 400 mg 
kg− 1, and 30 mg kg− 1 GA3, Cd and Ni accumulation reached the 
maximum of 0.44 mg kg− 1 and 5.94 mg kg− 1, and increased by 54.5% 
and 40.1% compared to the CK, respectively. In terms of concentration 
in plants, these two treatments suggested great potential in promoting 
phytoremediation of trace metals. 

3.3. The change of total trace metals in SDN soils during remediation 

The change of trace metals concentration in SDN soils is the most 
intuitive manifestation of the remediation efficiency. During the 
observation period of planting, the changes of trace metals concentra
tion in the SDN soil of each turfgrass planting every two months are 
shown in Fig. 2. The figure shows the concentrations of each trace metals 
of the SDN soil sampled few days before each mowing. During obser
vation, the concentrations of Cd, Zn, Pb, Cu, and Ni in control group and 
treatment group decreased by 52%–73%, 32%–53%, 28%–45%, 13%– 
22%, and 8%–20%, respectively, implied that planting turfgrass signif
icantly reduced the concentrations of trace metals in SDN soil. There 
were few cases for some treatments of individual elements, especially 
Pb, the monitoring values of the same treatment in the second sampling 
were even higher than those in the corresponding first sampling. This 
could be attributed to the uneven product mixing of the SDN soil and the 
restabilization of the SDN soil aggregates after their first using in land
scaping (Jelusic and Lestan, 2014; Huang et al., 2017; Zhou et al., 2020). 

According to the range analysis of orthogonal test (Table S5) and 
ANOVA analysis of trace metals of five sampling in SDN soil, the in
fluences of Factor B on concentrations of all metals in SDN soil were 
dominant (58.9% ~ 86.9%) and significant (P < 0.05), which made the 
concentration of trace metals in turfgrass increased with the increase of 
CA dose. Li et al. (2021b) show that the higher the concentration of 
activator, the better the extraction of trace metals. Factor A shared 
30.3%–32.1% influence on the concentration of Cu, Zn and Ni, but only 
the effects on Cu and Ni reached the significance (p < 0.05), suggesting 
the selectivity to trace metals by different turfgrass species or planting 
method. GA3 spraying had very small and insignificant influence on the 
concentration of trace metals in SDN soils (3.6% ~ 11.3%). The reason 
was because GA3 is more to enhance the stress resistance of plants to 
trace element stress to promote plant growth, while the plant 
growth-promoting micro-organisms reduces the extraction of trace 
metals in the soil (Singh et al., 2021). 

In addition, sharp decreases were found in Zn, Pb and Cd between 
the first/second (Cd) or the second/third sampling (Zn and Pb) (Fig. 2 b, 
c and d), which was unlikely to be caused by plant uptake, but probably 
due to the rapid migration of trace metals in the SDN soil caused by acid 
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Fig. 1. The concentrations of trace metals (a) Cu, (b) Zn, (c) Pb, (d) Cd, and (e) Ni in the plants. The column is the average metal concentrations of every two months 
from October 2017 to June 2018, and the error bar represents the standard deviation. The treatments are listed in Table 2. Columns with the different uppercase and 
lowercase letters indicate that the differences between the treatments are significant, p < 0.05. 
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Fig. 2. The effect of treatments on the total concentration (a–e) of trace metals in soils. The column is the average of monitoring results of duplicates in October 
2017, December 2017, February 2018, April 2018 and June 2018, respectively. And the error bar of total concentration represents the standard deviation. The 
treatments are listed in Table 2. Columns with the different letters indicate that the differences between the treatments are significant, p < 0.05. 
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rain washing under the open condition, so that plants could not absorb 
them in time (Jelusic and Lestan, 2014; Gill et al., 2017). These metals 
were reported had a high activity in compost sludge (Zhao et al., 2017). 
For example, the aerobic composting decreases the contents of the res
idue fraction for Pb, Zn, and Cd but significantly increases the contents 
of the total mobile fractions for Zn and Pb (Liu et al., 2007). Therefore, 
the reduction of trace metals concentration in SDN soil in the open field 
could not be completely attributed to the uptake of turfgrass. At the 
same time, when sludge compost is used in landscaping land, some trace 
metals with high activity have leaching risk, which needs to be paid 
attention to (Li et al., 2021a). 

3.4. The speciation distribution of trace metals in SDN soil after 
remediation 

The forms of trace metal greatly decides their mobility and 
bioavailability in soil, and also affects their phytoremediation efficiency 
by turfgrass (Ahmadipour et al., 2015). Usually, the bioavailability of 
heavy metals in BCR1, BCR2, BCR3, and the residue fraction decreased 
successively. The results of BCR analysis of trace metals for initial SDN 
soil are listed in Table 1. The five trace metals were all dominated in the 
residue fraction, and then Cu and Ni were secondary dominated in 
BCR3, Zn and Cd were in BCR2, while the proportions of Pb in BCR2 and 
BCR1were very close. According to most researches which point out that 
the fraction of BCR1 is the most active form of trace metals (Lu et al., 
2019). The proportion of BCR1 of the five trace metals in SDN soil 

ranged in 2.9%–16.7%, in the decrease order of Zn > Cd > Pb, Ni ≫ Cu. 
Among them, the proportions of Zn, Cd, Pb, and Ni were close to or even 
greater than 10%, represented a relative high activity (Yang et al., 
2013). This was consistent with the speculation about leaching of Zn, 
Cd, and Pb in SDN soil at the beginning of land use mentioned in the 
previous section. 

As shown in Fig. 3, after turfgrass growing and compared to the 
respective CK, most treatments increased the proportion of Zn, Pb, and 
Cu in the residual fraction of SDN soil, while the percentages of Ni (T2, 
T3, T6, T8, and T9) and Cd (T1, T2, T4, T5, and T6) in the residual 
fraction were decreased; In fraction of BCR1, the proportion of Pb and 
Cu were reduced, while the percentages of Ni and Zn were mainly 
increased, and that of Cd were mostly decreased. In the fraction of BCR2, 
the majority treatments reduced the proportion of Zn and Pb, mean
while, most treatments raised the proportion of Cd, Cu and Ni. For the 
fraction of BCR3, the proportions of Cu, Zn and Ni were decreased under 
most treatments, while the ratio of Cd and Pb increased. 

The orthogonal analysis (Table S6) and ANOVA analysis results on 
BCR1 of trace metals suggested that, among the three factors, Factor A 
exhibited the dominant influence on BCR1 of Cd, Zn, and Pb (42.4%– 
56.1%). Furthermore, different turfgrasses showed different activation 
advantages to the three trace metals, though only BCR1 of Zn and Cd 
presented significantly different among turfgrass strategies. Factor B 
played a dominant influence on the proportion of BCR1 of Ni (53.8%), 
with the maximum proportion appeared at 200 mg kg− 1, which was 
significantly higher than that of the untreated (p < 0.05). Factor C had a 

Fig. 3. The effect of treatments on fraction distribution of trace metals (a) Cu, (b) Zn, (c) Pb, (d) Cd, and (e) Ni in soils. Each sub-column is the average of duplicates 
in June 2018, the end of experimental observation. The fraction analysis is conducted as the improved BCR sequential extraction scheme including acid extractable 
fraction (BCR1), reducible fraction (BCR2), oxidizable fraction (BCR3) and the residual. The treatments are listed in Table 2. 
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dominant (46.9%) influence on the proportion of BCR1 of Cu, however 
there were insignificant differences among the three spraying strategies 
of GA3. The well-developed root system and its root exudates of turfgrass 
play an important role in the fraction distribution of trace metals 
directly or indirectly by increasing the solubility of trace metal or 
stimulating the growth of rhizobacteria (Luo et al., 2008; Ma et al., 
2011). Citric acid participates in the tricarboxylic acid cycle (TCA cycle, 
metabolic pathways ubiquitous in mitochondria of organisms), as an 
intermediate, which is common in plant roots and root exudates. The 
process of citric acid secretion by plant roots not only promotes the 
metabolism of root cells, but also provides energy for absorbing trace 
metals (Jones, 1998), while GA3 is a common phytohormone produced 
by rhizobacteria (Ma et al., 2011). CA directly increases the dissolution 
of trace metals by forming complexes with trace metals or reduce soil 
pH. However, in this study, increasing the level of CA only increased the 
proportion of BCR1 of Cu and Ni, but decreased that of BCR1 of Pb and 
Cd. This indicated that the effect of CA on the fraction distribution of 
trace metals is complex, and may be related to plant species. It was re
ported that CA could also act indirectly by interacting with soil microbe 
or altering root growth (Bulak et al., 2014). Auxin has been shown to be 
involved in the improvement of phytoremediation, such as uptake of Cd 
by Brassica juncea L (Chen et al., 2020), however, there is no literature 
suggesting that auxin can affect the speciation of trace metals in soil. 

Therefore, the activities of Pb, Cu, and Zn in SDN soils tended to 
lower by transforming them from fraction of high activity to that of low 
activity (For examples, Cu from BCR1 to BCR2, Pb from BCR1 and BCR2 
to BCR3 and Residue), which were mainly influenced by the turfgrass 
culturing pattern or GA3. Meanwhile, the activities of Ni (T2, T3, T6, T8, 
and T9) and Cd (T1, T2, T4, T5, and T6) were elevated by converting 
them from the residual to the fractions of BCR1 and BCR3 or the frac
tions of BCR2 and BCR3, and mainly driven by CA treatment and the 
turfgrass culturing pattern, respectively. The promotion on Ni was 
mainly enhanced by CA treatment, as reported in the literature (Najeeb 
et al., 2009; Ehsan et al., 2014). In addition, the intercropping of Z. 
matrella + L. perenne showed the highest proportion of Cd in BCR1, 
indicated that intercropped turfgrass enhanced Cd activity by means of 
compensatory, which showed great potential in phytoremediation of 
cadmium. 

3.5. Efficiency assessment of turfgrass phytoremediation 

3.5.1. Enhanced bioaccumulation of trace metals in turfgrass 
Bioconcentration factor (BCF) has been used to describe the ability of 

turfgrass root for accumulating trace metals from the soil. The higher 
value means the stronger phytoremediatation ability of the turfgrass 
(Ghazaryan et al., 2019a). This is one of the bases for selecting turf
grasses for this study, in which some trace metals have BCF values 
greater than 1. For example, BCF values of Z. matrella range from 1.09 to 
1.86 for Cu, Zn, and Ni (Xu et al., 2012); L. perenne shows a BCF value of 
1.78 for Zn and 7.99 for Cd (Gu et al., 2013), C. dactylon has a BCF value 
of up to 5.67 for Cu (Sekabira et al., 2011), while F. arundinacea has 
satisfied BCF values of 3.73, 12.5 and 7.39 for Pb, Cd, and Ni, respec
tively (Steliga and Kluk, 2020). However, in this study, the BCF values of 
each metal in turfgrass of three culturing patterns were less than 1, 
might due to different growth environment compared to these litera
tures, such as regrowth produced by mowing every two months, and 
characteristic of SDN soil of high pH, CEC, and SOM. Previous works 
have demonstrated soil with high pH, CEC and organic matter tended to 
decrease the metal accumulation capacities in plants (Zhou et al., 2014; 
Ghazaryan et al., 2019b). In fact, BCF is a variable depending on 
different biological conditions and environmental exposure (McGeer 
et al., 2003). However, the BCF values of Cu, Zn, Pb, Cd, and Ni under 
treatments were elevated by 1.4–1.5, 1.2–1.7, 1.6–2.1, 1.4–2.6, and 
1.5–1.6 times of their corresponding values in CK (Fig. S3), with some 
treatments reached significant levels, suggested that turfgrass had a 
good potential to improve the remediation effect of trace metals. Since 

the BCF value is the average value of five harvest samples, it is greatly 
affected by the season and the error bar is relatively large, but it can still 
be clearly seen that the extraction of trace metals in soil to the arial parts 
has a positive impact under the combined treatment of turfgrass. 

Orthogonal analysis and ANOVA test (Table S7) analysis showed that 
Factor B had the predominant influence on BCF values of all tested 
metals. The difference between factors was extremely significant (p <
0.01), and BCF values of five metals increased with the increase of CA 
levels. CA has been identified as an effectively positive bio-reagent to 
boost the uptake of trace metals by root (Wu et al., 2010). In view of the 
results of previous studies that CA had a very limited effect on the 
fraction distribution of trace metals, we speculate that the promotion 
effect of CA on BCF was indirect rather than direct chelating. CA, as a 
carbon source, can directly promote microbial activity, rhizosphere 
microbial growth, and enzyme production (Ehsan et al., 2014; Zhang 
et al., 2015), thereby indirectly increasing plant growth and reducing 
trace metals stress (Mao et al., 2015; Liang et al., 2019). Second only to 
the factor of CA, the next one was Factor A mainly on Cu, Pb, Ni, and 
Factor C mainly on Zn and Cd. However, apart from Pb, turfgrass 
culturing pattern and GA3 foliar spray did not reach significant levels. 

3.5.2. Elevated removal efficiency of trace metals by mowing turfgrass 
Different from other hyperaccumulation plants, turfgrass can be 

mowed several times to remove the absorbed trace metals, thus 
achieving the effective removal of trace metals (Zalacain et al., 2019). 
Therefore, the method was proposed to assess the removal efficiency of 
trace metals by mowing turfgrass, shown as Fig. 4. The APEA of trace 
metals from the turfgrasses decreased in the order: Zn of 249.0–273.2 
mg (m2 a)− 1, Cu of 22.65–29.88 mg (m2 a)− 1, Pb of 12.00–16.85 mg (m2 

a)− 1, Ni of 9.34–11.37 mg (m2 a)− 1, and Cd of 0.804–0.938 mg (m2 a)− 1. 
After treatments, the greatest APEA of Cd, Pb, Ni, Cu and Zn increased 
by 2.1, 2.05, 1.99, 1.81, and 1.6 times of the corresponding values of CK, 
respectively. Thereinto, the APEA of Cd were in the range of 0.87–1.76 
mg/(m2⋅a), which were close to the reported value of the average Cd 
removal amount of 18.52 g/ha (1.852 mg/(m2⋅a)) by forage mulberry 
(Jiang et al., 2021). 

The range analysis of orthogonal test showed the contributions of 
each factor (Table 3). The influence of the three factors on all trace 
metals follows the rule of Factor B > Factor A > Factor C, that is, CA 
treatment had the greatest contribution, followed by turfgrass culturing 
pattern, while GA3 spraying had the weakest effect. The differences of 
trace metals between different levels of CA treatment were extremely 
significant (p < 0.01), and APEAs of five metals increased with the in
crease of CA levels. Some studies showed that the application of CA not 
only increased the extraction amount of trace metals, but also signifi
cantly reduced the phytotoxicity of trace metals, which had a significant 
impact on the uptake and extraction of trace metals from soil by turf
grass arial parts (Agnello et al., 2014). The turfgrass culturing pattern 
had only significant effect on the APEA of Zn, and the intercropping of 
Z. matrella and L. perenne showed the biggest promotion on the APEAs of 
trace metals, with the except of Pb. This indicated that the toxic effects 
of trace metals and chelating agents on turfgrass and soil microorgan
isms, and the absorption ability of turfgrass to trace metals were quite 
different (Ultra et al., 2005). The effect of GA3 was also not significant, 
and the combination of 30 mg kg− 1 GA3 sounded to be the optimum on 
APEAs of trace metals. 

Shown as Fig. 4, Treatment T3 was the most outstanding, which was 
classified as the highest subset for all trace metals in the ANOVA test, 
why it was T3? The treatment combination included the intercropping of 
Z. Matrella and L. Perenne, 400 mg kg− 1 CA, and 30 mg kg− 1 GA3. First, 
the intercropping of Z. Matrella and L. Perenne had the largest aerial 
biomass (Table S1 and Table S2), which provided a big carrier for 
removing trace metals by mowing (Cao et al., 2020; Sun et al., 2020). As 
a metal chelating reagent, CA can increase the mobility of trace metal in 
plants (Ma et al., 2020). In this study, it had a positive boost on the BCF 
and the APEAs of trace metals (Fig. S3 and Fig. 4). Meanwhile, CA also 
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played a dominant promotion in the aerial part biomass, and reached the 
maximum at the dosage of 400 mg kg− 1 (Table S1 and Table S2). 
Although the effect of auxin was not outstanding, the 30 mg kg− 1 GA3 
produced the biggest aerial biomass (Table S2), the highest proportion 
of BCR1 of Cu, Zn, Pb and Ni (Table S6), and APEA for all trace metals 
(Table 3). 

Correlation analysis showed that APEA of each trace metal were 
significantly correlated with BCF values (Table S8). This indicated that 
the regulatory means on turfgrass remediation had an important effect 
on the migration and accumulation behavior of trace metals between 
SDN soils and turfgrass. Among them, especially the CA regulatory 
means, which played a dominant role, had a positive promotion effect 
on plant extraction of all trace metals. This made the accumulation 
behavior of all trace metals from soil to turfgrass very similar, thus 
resulting the high correlation among BCF values and APEAs of trace 
metals. In addition, the correlations between the APEAs of trace metals 
and their concentration in BCR1 fractions, and SDN soil properties, were 
not significant in most cases. In this research, APEA is an accumulative 
value, BCR1 concentrations and SDN soil properties are state values, and 
could not accurately reflect the change of APEA. Similar findings had 

also been reported in Jelusic/Lestan’s and Wang’s research (Jelusic and 
Lestan, 2014; Wang et al., 2018). 

4. Conclusion 

In this study, a variety of treatments have been used to improve the 
remediation efficiency of turfgrasses on a trace metals-contaminated 
artificial soil derived from municipal sludge. Turfgrass species and 
culturing patterns had a decisive effect on plant height, root length and 
heavy metal concentration in turfgrass. CA treatment was prone to in
crease the aboveground biomass and the concentrations of most trace 
metals in turfgrasses, especially Ni through increasing the proportion of 
Ni in BCR1. The intercropping of Z. matrella and L. perenne presented the 
highest proportion of Ni in BCR1, which was due to the compensation of 
turfgrass. According to the range analysis based on orthogonal experi
ment, CA applying had a positive influence on BCF and APEA of trace 
metals. The highest APEA value of trace metals were found in the 
combination treatment of T3 (the intercropping of Zoysia matrella and 
Lolium perenne, application of CA 400 mg kg− 1, and spraying GA3 30 mg 
kg− 1), thereinto, that of Cd was 2.1 times as much as that of control 

Fig. 4. Annual phytoextracted amount of trace metals by turfgrass growing in SDN soil. The column is the annual phytoextracted amounts, which is summed up from 
October 2017 to June 2018, and the error bar represents the standard deviation. The treatments are listed in Table 2. Different colors of columns represent different 
turfgrasses. Different letters indicate significant differences among the treatments, p < 0.05. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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group. The research showed that, turfgrass has great potential in 
remediation of trace metals with under reasonable artificial control. 
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