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different planting densities
in Cd-contaminated soils
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Biochar has been used to remediate contaminated-soil with heavy metals,

however, less is known on how biochar interacts with planting density and

nutrient fluctuation to affect the remediation. A pot experiment was conducted

in the greenhouse to investigate the effects of biochar application (without vs.

with 1% biochar, g/g substrate), nutrient fluctuation (constant vs. pulsed) and

planting density (1-, 3- and 6-individuals per pot) on the growth, and cadmium

(Cd) and nutrient uptake of Trifolium repens population. Our results found that

the growth of T. repens population increased significantly with increasing

planting density, and the increment decreased with increasing planting density.

Both the Cd and nutrient uptake were higher at higher planting density (e.g., 3-

and 6-individuals) than at lower planting density (e.g., 1-individual). Biochar

application increased the biomass and shoot Cd uptake, but decreased the

ratio of root to shoot and root Cd uptake of T. repens population, the effects of

which were significantly influenced by planting density. Although nutrient

fluctuation had no effect on the growth of T. repens population, but its

interaction with planting density had significant effects on Cd uptake in tissues.

Overall, the effects of biochar application and nutrient fluctuation on the growth

and Cd uptake were both influenced by planting density in the present study. Our

findings highlight that biochar application and constant nutrient supply at an

appropriate planting density, such as planting density of 3-individuals per pot in

the present study, could promote the growth, and Cd and nutrient uptake of T.

repens population.
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Introduction

Soil contamination with heavy metals has become a major

concern due to anthropogenic activities such as mining and

smelting, chemical industry and agricultural activities (Zhao et al.,

2015; Zhong et al., 2020). Cadmium (Cd) is one of the most

hazardous heavy metals, which could be easily accumulated in

human body through food chain, resulting in the occurrence of

many serious diseases such as blood disorders, organ damage and

cancer (Liu et al., 2013a; Briffa et al., 2020). Therefore, the

environmental-friendly and sustainable remediation technologies

are urgently needed, such as the cost-effective and environmental-

friendly techniques of biochar and phytoremediation (Yan et al.,

2020; Gao et al., 2022; Shen et al., 2022).

Biochar is a carbon-rich material produced by thermochemical

decomposition of biomass under anoxic conditions (Cha et al., 2016;

Xie et al., 2022). The biochar with its large specific surface area, great

porous structure, active functional groups and high cation exchange

capacity has been widely used to adsorb heavy metals in soils and

water environment (Narayanan et al., 2021; Chen et al., 2022; Gao

et al., 2022; Issaka et al., 2022). For instance, many studies indicated

that biochar could effectively immobilize Cd in soils by reducing the

mobility and bioavailability, through high polarity and/or abundant

chemical functional groups, e.g., hydroxyl, carboxyl, phenolic groups,

and p electron-rich domain on the aromatic structures (Cai et al.,

2020; Tu et al., 2020). These groups give biochar the property of high

polarity, thus increasing the interaction between Cd and biochar,

resulting in an increase of Cd immobilization (Sumaraj & Padhye,

2017; Wang R. et al., 2018). Additionally, the application of biochar in

soils has often been reported to have positive effects on plant growth

(e.g., increasing biomass) (Houben et al., 2013; Li et al., 2019). It can

be imagined that when the biomass of plants, especially for plants

with high biomass and Cd-tolerance, and/or Cd-hyperaccumulators

growing in Cd-contaminated soils increase with application of

biochar, more Cd would be stored in plants, leading to higher

remediation efficiency.

Phytoremediation approach has also been suggested as a

promising environmental-friendly technique to remediate soils

contaminated with heavy metals (Sarwar et al., 2017; Shen et al.,

2022). The main approach is the use of hyperaccumulator plants

which could accumulate more (e.g. more than 100 times) metals in

shoots compared to normal plants (He et al., 2017). Alternatively,

it’s possible to use plants that can produce high biomass and be

tolerant to above-threshold soil metal concentrations (Chen et al.,

2022a). Generally, the population biomass is regulated by the

planting density, which initially proportionally increases, levels off

and then remains constant with increasing density (Li et al., 2016).

Thus, it is expected that the large and Cd-tolerant plant with

appropriate density could produce great biomass, and

subsequently immobilize high Cd in tissues. For instance, the

high phytoremediation efficiency of heavy metals in Festuca

arundinacea (Qin et al., 2021), Eucalyptus globulus (Luo et al.,

2018) and Typha domingensis (Viana et al., 2021) with appropriate

plant densities.

Due to human-driven global change, most terrestrial

ecosystems are experiencing great fluctuations in resource
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availability (Li et al., 2022; Tao et al., 2023). The fluctuating

resource can influence the growth of plants directly by changing

the nutrient uptake (Warren et al., 2003), or indirectly by affecting

the activities of soil microbes (Carrero-Colón et al., 2006a; Carrero-

Colón et al., 2006b), and then subsequently affects the heavy metal

uptake of plants. Alternatively, the changed activities of soil

microbes induced by pulsed nutrient can directly affect the heavy

metal remediation, as microbial bioremediation has been used as an

effective technique in the remediation of contaminated-soils with

heavy metal (Wang et al., 2020; Xiao et al., 2020a).

Trifolium repens L. is an invasive perennial legume with large

biomass and strong adaptability. It could grow as a dominant species

in heavy metal contaminated soils, which possesses great potential for

phytoremediation (Liu et al., 2018; Nandillon et al., 2019). Many

previous studies have found great Cd accumulation in T. repens

(Wang L. et al., 2018; Liu et al., 2019; Xiao et al., 2020c). In this study,

we carried out a greenhouse experiment to investigate the interactive

effects of planting density, biochar and nutrient fluctuation on the

growth, Cd and nutrient of Trifolium repens population.We aimed to

answer that (1) whether the Cd and nutrient uptake of Trifolium

repens increased with higher planting density due to the possible

increasing biomass; (2) whether the biochar effect was adjusted by

nutrient fluctuation, as previous study pointed that the effect of

biochar was not significant without nutrient application (Kuppusamy

et al., 2016); (3) whether compared with constant nutrient

application, pulsed nutrient application can promote more the

growth of Trifolium repens, and subsequently the greater Cd and

nutrient accumulation in tissues.
Materials and methods

Seedling preparation

The seed of T. repens was collected in the campus of Taizhou

University, and then was stored at 4°C until use. On 5 April 2022,

the seeds were sown in plastic pots (54 cm long × 28 cm wide × 5 cm

deep) filled with peat in a greenhouse at Taizhou University. The

temperature and relative humidity in the greenhouse were

maintained at 25°C and 80%, respectively.
Experimental design

A pot experiment was carried out in the same greenhouse used

for seed germination and seedling cultivation. The experiment

consisted of two levels of biochar application (without vs. with)

and two levels of nutrient fluctuation (constant vs. pulsed), crossed

with three levels of planting density (1, 3 and 6 individuals).

Therefore, there were 2 biochar application × 2 nutrient fluctuation

× 3 planting density × 7 replicates = 84 pots in total (Figure 1).

The substrate used was a 1:1 (v/v) mixture of local soil and river

sand. The local soil was collected in mountainous areas of Taizhou

City. It contained 0.39 ± 0.01 (mean ± SE) g kg-1 total nitrogen, 0.64 ±

0.04 g kg-1 total phosphorus and 10.04 ± 1.03 g kg-1 organic carbon,

with a CEC of 11.69 ± 1.78 cmol kg-1 and a pH of 6.45 ± 0.98. On 5
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April 2022, a dose of 1% (w/w, biochar/substrate) biochar was added

into 42 pots (19 cm in diameter and 11 cm in height, 2 L) and was

mixed with the substrate thoroughly, and the other 42 pots were

without biochar application. The biochar was purchased from a

market in Zhengzhou, Henan Province, China, which was derived

from maize straw and was pyrolyzed at 550°C in a muffle furnace,

containing 375.30 ± 67.99 (mean ± SE) g kg−1 total carbon and 1.36 ±

0.15 g kg−1 total nitrogen, pH 9.76 ± 0.57. On 9 April 2022, to

simulate Cd-contaminated substrate, 10 mg kg-1 Cd in the form of

CdCl2 was added in each pot, which was then watered and stirred

every day to make sure that Cd was distributed evenly in the

substrate. The amount of Cd added is close to the Cd

concentration in some contaminated soils in Taizhou, where many

electronic waste dismantling industries were located (Wu et al., 2019).

On 9 June 2022, for without and with biochar pots, three different

densities (i.e., 1, 3 or 6 individuals per pot) of seedlings were

randomly transplanted into 14 pots, respectively. During the first

two weeks after transplantation, the dead seedlings were replaced

immediately. All the pots were watered every two days.

On 4 July 2022 (i.e., four weeks after transplanting), we started to

apply the nutrient treatments at weekly intervals for a total of 10

weeks. We applied two nutrient-fluctuation treatments (constant vs.

pulsed), using a 100%-strength Hoagland solution (945 mg L-1 Ca

(NO3)2·4H2O, 607 mg L-1 K2SO4, 115 mg L-1 NH4H2PO4, 493 mg L-1

MgSO4, 20 mg L-1 Na2-EDTA, 2.86 mg L-1 FeSO4, 4.5 mg L-1H3BO3,

2.13 mg L-1 MnSO4, 0.05 mg L-1 CuSO4, 0.22 mg L-1 ZnSO4, 0.02 mg

L-1 (NH4)2SO4). During the experiment, we added a total of 200ml of

the Hoagland solution to pots. For the constant nutrient treatment,
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we supplied 20 ml of the nutrient solution each week (10 weeks, 200

ml in total). The pulsed treatment consisted of 3 weeks of 8 ml of the

nutrient solution per week, followed by 4 weeks of 28 ml of the

nutrient solution per week, and again 3 weeks of 8 ml per week (10

weeks, 200 ml in total). To avoid differences in water supply among

the two nutrient treatments, we added extra water to the amount of

nutrient solution in each treatment to ensure that each pot received a

total of 100 ml of water per nutrient application.
Harvest and measurements

On 11 September 2022 (i.e., 13 weeks after transplanting), we

harvested the shoots and roots of all pots. All shoot samples and

cleaned root samples were oven-dried at 65°C for 72 h, and then

weighed. Then, shoots and roots were separately ground into fine

powder and used to measure total Cd concentrations. The total Cd

concentrations in shoots and roots were measured by ICP-MS

(NexION 2000B, Perkinelmer, USA) after digestion with a

mixture of sulfuric and perchloric acid (10:1). We calculated the

Cd pool size in shoots, roots and the whole population by

multiplying the Cd concentration and the dry biomass together.
Statistical analysis

Three-way ANOVAs were used to examine the effect of

biochar application, nutrient fluctuation, planting density and
A

B

C

FIGURE 1

Graphical illustration of the experimental design. The planting density (1-, 3- and 6-individuals) of white clover (A); the application of biochar
(without vs. with) (B); and the amount of nutrient solution supplied each week during the 10 weeks of the experiment (C).
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their interactions on the growth (i.e., shoot biomass, root biomass,

total biomass and root: shoot ratio), Cd levels (i.e., Cd

concentration in shoots and roots, and Cd pool size in shoots,

roots and the whole population), and nutrient levels (i.e., both the

concentrations and the pool sizes of N and P in shoots, roots and

the whole population), as well as bioavailable Cd, total N and total

P in soils. All data were checked for normality using the

Kolmogorov-Smirnov test and for homogeneity of variance

using Levene’s test. Data for root biomass, root: shoot ratio, Cd

concentration in shoots, Cd pool size in roots and the whole

population were log (x+1) transformed, and data for N pool size in

roots and the whole population were square-root transformed

before analysis. All statistical analyses were performed using SPSS

software version 22.0 (IBM Corp., Armonk, NY, USA).
Results

Growth response

Shoot biomass, root biomass, total biomass and root: shoot ratio

increased significantly with increasing initial planting density (all

P<0.001; Figures 2, S1; Table S1). Both shoot biomass and total

biomass were lower with biochar application than without biochar

application at lower planting density (i.e., 1-individual), but the

opposite results were observed at higher plant densities (i.e., 3- and

6-individuals) (P=0.013 and P=0.043 for a B × D interaction,

respectively; Figures 2A, C, S1A, C; Table S1). Biochar application
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significantly decreased the root: shoot ratio (P=0.002; Figures 2D,

S1D; Table S1). However, nutrient fluctuation had no effect on the

growth status of T. repens population (Figures 2, S1; Table S1).
Cd response

Biochar application significantly increased the Cd

concentration in shoots (+267.80%, P<0.001; Figures 3A, S2A;

Table S2), but significantly decreased it in roots (-51.77%,

P<0.001; Figures 3B, S2B; Table S2). However, the magnitude of

the effect of biochar application on shoot Cd concentration was

higher at lower planting density (+702.41%) than at higher planting

density (+101.85%) (P<0.001 for a B × D interaction; Figure 3A,

S2A; Table S2), and the opposite results were observed for root Cd

concentration (P=0.013 for a B × D interaction; Figures 3B, S2B;

Table S2). Biochar application significantly increased the Cd pool

size in shoots (+198.45%, P<0.001; Figures 4A, S3A; Table S2),

Biochar application had significant effects on the Cd pool size in

roots (-57.47%) and the whole population (+21.50%) (all P<0.001;

Figures 4B, C, S3B, C; Table S2), and the biochar effects were

significantly influenced by planting density (P=0.014 and P=0.001

for a B × D interaction, respectively; Figures 4B, C, S3B, C; Table

S2). Both Cd pool size in roots and the whole population were

significantly lower at lower planting density than at higher planting

density (all P<0.001; Figures 4B, C, S3B, C; Table S2). There were

significantly interactive effects between nutrient fluctuation and

planting density on Cd concentration in shoots (P=0.041;
A B

DC

FIGURE 2

Effects of planting density (1, 3 and 6), biochar application (without vs. with) and nutrient fluctuation (constant vs. pulsed) on shoot biomass (A), root
biomass (B), total biomass (C) and root: shoot ratio (D).
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Figures 3A S4A; Table S2) and roots (P=0.029; Figures 3B, S4B;

Table S2), and the Cd pool size in roots (P=0.007; Figures 4B, S5B;

Table S2). Bioavailable Cd in soils was not affected by either biochar

application or nutrient fluctuation, however, it was significantly

lower at lower planting density (i.e., 1-individual) than at higher

planting density (i.e., 1- and 3-individuals) (P=0.018; Figure 5A;

Table S3).
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Nutrient response

Neither the concentrations of total N nor total P in soils were

affected by either biochar application or nutrient fluctuation (all

P > 0.05; Figures 5B, C; Table S3). However, the concentration of

soil total N was significantly higher at higher planting density (i.e.,

6-individuals) than at lower planting density (i.e., 1-individual)
A B C

FIGURE 4

Effects of planting density (1, 3 and 6), biochar application (without vs. with) and nutrient fluctuation (constant vs. pulsed) on Cd pool size in shoots
(A), roots (B) and the whole population (C).
A B

FIGURE 3

Effects of planting density (1, 3 and 6), biochar application (without vs. with) and nutrient fluctuation (constant vs. pulsed) on Cd concentrations in
shoots (A) and roots (B).
A B C

FIGURE 5

Effects of planting density (1, 3 and 6), biochar application (without vs. with) and nutrient fluctuation (constant vs. pulsed) on soil bioavailable Cd (A),
and the concentrations of soil total N (B) and soil total P (C).
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(P=0.003; Figure 5B; Table S3), and the concentration of soi total P

was the opposite (P=0.015; Figure 5C; Table S3). The concentration

of tissue N was not affected by planting density, biochar or nutrient

fluctuation (all P > 0.05; Figures 6A, B; Table S4), except the

increased concentration of root N with biochar application

(P=0.03; Figure 6B; Table S4). The concentration of P in shoots

was lower at higher planting density (i.e., 3- and 6-individuals) than

at lower planting density (i.e., 1-individual), and the concentration

of P in roots was the opposite (P=0.002 and P=0.025; Figures 6C, D;

Table S4). Both the pool sizes of N and P in shoots, roots and the

whole population were higher at higher planting density (i.e., 3- and

6-individuals) than at lower planting density (i.e., 1-individual) (all

P < 0.05; Figures 7A–F; Table S5).
Discussion

We found that the biomass increased significantly with

increasing planting density (Figures 2, S1), which is consistent

with many previous studies (Hagiwara et al., 2010; Li et al., 2013;

Springer, 2021; Sun et al., 2022), because that higher planting

density can produce higher productivity with sufficient light,

water and nutrient (Chu et al., 2008). However, the growth

efficiency of T. repens population was higher at the planting

density of 3-individuals (e.g., + 107.18% for total biomass from 1-

individual to 3-individuals) than of 6-individuals (e.g., + 27.70% for

total biomass from 3-individuals to 6-individuals). This could be

largely due to the application of biochar (significant interaction
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effect between planting density and biochar application; Figures 2,

S1; Table S1). The growth efficiency increased with increasing

planting density without biochar application, whereas it was

higher at planting density of 3-individuals than of 6-individuals

with biochar application (Figure S1). Additionally, when the

planting density was 3-individuals, biochar application

significantly increased the shoot biomass and total biomass, but

this increase disappeared when the planting density was 6-

individuals (Figures 2, S1). Additionally, we found that biochar

application significantly decreased the ratio of root to shoot,

especially when the planting density was 6-individuals (Figures 2,

S1). These results indicate that seriously competition for resources

between individuals at planting density of 6-individuals with

biochar application may occur. Previous studies have suggested

that biochar application could promote the plant growth, due to its

benefits such as increased nutrient supply, water conservation and

microbial activity (Sohi et al., 2010; Liu et al., 2013b). However, our

results indicate that the effect of biochar application on the growth

of plant population could be adjusted by planting density, and the

planting density of 3-individuals could be an appropriate density for

the plant growth. During the vegetative stage of plants, the levels of

N and P in tissues represent the levels of nitrogen compounds and

phosphorous compounds, especially protein and nucleic acid,

respectively, and their levels could reflect the growth status to

some extent (Chapin, 1980). In this study, under the treatment of

biochar application, the higher growth efficiency of T. repens

population at the planting density of 3-individuals than that at

the planting density of 6-individuals might be due to the higher N
A B

DC

FIGURE 6

Effects of planting density (1, 3 and 6), biochar application (without vs. with) and nutrient fluctuation (constant vs. pulsed) on N concentrations in
shoots (A) and roots (B), and P concentrations in shoots (C) and roots (D).
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concentrations and pool sizes in shoots and roots (Figures 6A, B,

7A, B). Surprisingly, neither nutrient fluctuation alone nor its

interaction with density or biochar did affect the growth of T.

repens population (Figure 2; Table S1). This indicates that T. repens

might not be sensitive to the nutrient fluctuation on the one hand.

On the other hand, the nutrient dose (100%-strength Hoagland, 200

ml pot-1) in the present study might be sufficient for the need of the

growth of T. repens population, and then the fluctuating supply was

ineffective, which can be proved by no significant differences of N

and P concentration in soils between the application of constant

nutrient and pulsed nutrient (Figures 5B, C; Table S3).

We found that the concentration of Cd in shoots was higher

with biochar application than without biochar application,

however, the difference decreased with increasing planting density

(Figure S2A; Table S2). Under biochar application, the decrease of

Cd concentration in shoots with increasing planting density might

be due to the dilution effect with large biomass (Figure 2A).

However, this explanation was not applicable to the unchanged

Cd concentration without biochar application. Biochar application

increased the Cd uptake in shoots but decreased it in roots,

however, the effect of biochar application on Cd uptake was also

adjusted by planting density. Biochar application benefited more

the Cd uptake of T. repens population with lower planting density

(i.e., 1-individual) in comparison to higher planting density (i.e., 3-

and 6-individuals) (Figures S2, S3). This result indicates that

increasing planting density might decrease the Cd uptake

efficiency, although the biomass significantly increased. Overall,

our results indicate that biochar application can largely promote the

Cd uptake of T. repens population, which have been found in many

previous studies (Wang et al., 2019; Cai et al., 2020; Tu et al., 2020;

Xiao et al., 2020b), however, this promotion in the present study

depends on the planting density. Generally, rhizobium could fix and

provide large amount of the nitrogen nutrients to T. repens, and
Frontiers in Plant Science 07
poor nitrogen nutrients in soil could promote the nitrogen fixation

(Hoglund and Brock, 1987). In this study, at the early stage,

rhizobium might not provide enough N at the planting density of

1-individual due to the unstable soil microbial composition in

comparison to the planting density of 3- and 6-individuals.

Meanwhile, biochar could not only immobilize Cd, but also

absorb N, which could lead to the shortage of N in soils

(Kuppusamy et al., 2016). When the soils were supplied with

pulsed nutrients (especially low volumes of Hoagland solution for

3 weeks at the early stage), T. repens has to response to the N

shortage and improve the uptake efficiency of N from the soils,

which inevitably absorb more Cd into the plants. Alternatively,

higher planting density is likely to cause strong intraspecific

competition for light, nutrients and water in a certain spatial

range, and in this circumstance, biochar application might have

neutral and even negative impact. Biochar application significantly

decreased Cd uptake in roots, and the reduction was greater at the

planting density of 6-individuals than 3- and 1-individual(s), which

possibly resulted from the lower ratio of root to shoot. Obviously,

fewer root systems absorbed less Cd. Surprisingly, the soil

bioavailable Cd increased under the circumstance that more Cd

was accumulated in the T. repens population at higher planting

density (i.e., 3- and 6-individuals). We guess that compared with 1-

individual, more individuals in pots could change the soil properties

more, which may lead to some chemical reactions or microbial

activities that resulting in more bioavailable Cd.

Although nutrient fluctuation had no effect on the growth of T.

repens population, but its interaction with planting density had

significant effects on Cd uptake in tissues (Figure S5; Table S2).

Constant nutrient promoted Cd uptake in roots and the whole

population at planting density of 3-individuals, however, this

promotion decreased from planting density of 3-individuals to 6-

individuals, which might mainly due to higher root Cd pool size
A B

D E F

C

FIGURE 7

Effects of planting density (1, 3 and 6), biochar application (without vs. with) and nutrient fluctuation (constant vs. pulsed) on N pool size in shoots
(A), roots (B) and the whole population (C), and P pool size in shoots (D), roots (E) and the whole population (F).
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(Figures 4B, S5B). We calculated average individual plant weight for

each planting density treatment (the average biomass divided by the

number of individual(s)) in constant and pulsed nutrients,

respectively. The average root weight in the treatment of constant

nutrients (0.66 g) at the planting density was higher than that of

pulsed nutrients (0.47 g), thusmore Cd was absorbed. Pulsed nutrient

increased the Cd uptake in roots and the whole population with

increasing planting density from 1-individual to 6-individuals

(Figures S5B, C). But there was no significant difference for Cd

uptake at the planting density of 6-indivduals between constant

nutrient and pulsed nutrient (Figure S5). Thus, our results suggest

that constant nutrient could promote the Cd uptake of T. repens

population at an appropriate planting density, such as planting

density of 3-individuals in the present study. The nutrient (N and

P) uptake of T. repens population was higher at higher planting

density (i.e., 3- and 6-individuals) than at lower planting density (i.e.,

1-individual), which could be due to the higher biomass (Figure 2). At

planting density of 3- and 6-individuals, biochar application

significantly increased root N uptake (Figures 5B, 6B) but

decreased root P uptake (Figures 6D, 7E), which indicates that

biochar promotes more N uptake in comparison to P uptake.

We conclude that the growth and Cd and nutrient uptake of T.

repens population increased with increasing planting density. The

effects of biochar and nutrient fluctuation on the growth and Cd

uptake of T. repens population were influenced by planting density.

With biochar application, the shoot biomass and Cd uptake were

increased more at the planting density of 3-individuals. Constant

nutrient had no effect on biomass, but significantly increased root

Cd uptake of T. repens at the planting density of 3-individuals.

Thus, our results suggest that an appropriate planting density, such

as the planting density of 3-individuals per pot in the present study,

together with biochar and constant nutrients could promote the

growth and Cd uptake of T. repens population.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

W-LZ: Conceptualization, Funding acquisition, Writing –

original draft. Y-FW: Methodology, Resources, Writing – review &

editing. JM: Data curation, Methodology, Writing – review & editing.

PZ: Data curation, Methodology, Writing – review & editing. JC:

Data curation, Methodology, Writing – review & editing. CS: Data

curation, Methodology, Writing – review & editing.
Funding

The authors declare financial support was received for the research,

authorship, and/or publication of this article. This work was supported

by the Taizhou Scientific and Technological Project (22gya05).
Frontiers in Plant Science 08
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1269082/

full#supplementary-material

SUPPLEMENTARY TABLE 1

Three-way ANOVA effects of planting density (1, 3 and 6), biochar application
(without vs. with) and nutrient fluctuation (constant vs. pulsed) on shoot

biomass, root biomass, total biomass and root: shoot ratio.

SUPPLEMENTARY TABLE 2

Three-way ANOVA effects of planting density (1, 3 and 6), biochar application
(without vs. with) and nutrient fluctuation (constant vs. pulsed) on DTPA-Cd in

soils, Cd concentrations in shoots and roots, Cd pool size in shoots, roots and
the whole population.

SUPPLEMENTARY TABLE 3

Three-way ANOVA effects of planting density (1, 3 and 6), biochar application
(without vs. with) and nutrient fluctuation (constant vs. pulsed) on soil

bioavailable Cd, and the concentrations of soil total N and soil total P.

SUPPLEMENTARY TABLE 4

Three-way ANOVA effects of planting density (1, 3 and 6), biochar application
(without vs. with) and nutrient fluctuation (constant vs. pulsed) on the

concentrations of N and P in shoots and roots.

SUPPLEMENTARY TABLE 5

Three-way ANOVA effects of planting density (1, 3 and 6), biochar application
(without vs. with) and nutrient fluctuation (constant vs. pulsed) on the pool

sizes of N and P in shoots, roots and the whole population.

SUPPLEMENTARY FIGURE 1

Effects of planting density (1, 3 and 6) and biochar application (without vs.

with), on shoot biomass (A), root biomass (B), total biomass (C) and root:

shoot ratio (D).

SUPPLEMENTARY FIGURE 2

Effects of planting density (1, 3 and 6) and biochar application (without vs.

with) on Cd concentrations in shoots (A) and roots (B).

SUPPLEMENTARY FIGURE 3

Effects of planting density (1, 3 and 6) and biochar application (without vs.
with) on Cd pool size in shoots (A), roots (B) and the whole population (C).

SUPPLEMENTARY FIGURE 4

Effects of planting density (1, 3 and 6) and nutrient fluctuation (constant vs.
pulsed) on Cd concentrations in shoots (A) and roots (B).

SUPPLEMENTARY FIGURE 5

Effects of planting density (1, 3 and 6) and nutrient fluctuation (constant vs.

pulsed) on Cd pool size in shoots (A), roots (B) and the whole population (C).
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1269082/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1269082/full#supplementary-material
https://doi.org/10.3389/fpls.2023.1269082
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zheng et al. 10.3389/fpls.2023.1269082
References
Briffa, J., Sinagra, E., and Blundell, R. (2020). Heavy metal pollution in the
environment and their toxicological effects on humans. Heliyon 6, e04691.
doi: 10.1016/j.heliyon.2020.e04691

Cai, J. F., Zhang, L., Zhang, Y., Zhang, M. X., Li, H. L., Xia, H. J., et al. (2020).
Remediation of cadmium-contaminated coastal saline-alkaline soil by Spartina
alterniflora derived biochar. Ecotox. Environ. Safe. 205, 111172. doi: 10.1016/
j.ecoenv.2020.111172

Carrero-Colón, M., Nakatsu, C. H., and Konopka, A. (2006a). Effect of nutrient
periodicity on microbial community dynamics. Appl. Environ. Microb. 72, 3175–3183.
doi: 10.1128/AEM.72.5.3175-3183.2006

Carrero-Colón, M., Nakatsu, C. H., and Konopka, A. (2006b). Microbial community
dynamics in nutrient-pulsed chemostats. FEMS Microbiol. Ecol. 57, 1–8. doi: 10.1111/
j.1574-6941.2006.00095.x

Chapin, F. S. (1980). The mineral nutrition of wild plants. Annu. Rev. Ecol. S. 11,
233–260. doi: 10.1146/annurev.es.11.110180.001313

Cha, J. S., Park, S. H., Jung, S.-C., Ryu, C., Jeon, J.-K., Shin, M.-C., et al. (2016).
Production and utilization of biochar: A review. J. Ind. Eng. Chem. 40, 1–15.
doi: 10.1016/j.jiec.2016.06.002

Chen, W.-H., Anh Tuan, H., Nizetic, S., Pandey, A., Cheng, C. K., Luque, R., et al.
(2022). Biomass-derived biochar: From production to application in removing heavy
metal-contaminated water. Process Saf. Environ. 160, 704–733. doi: 10.1016/
j.psep.2022.02.061

Chen, L., Beiyuan, J., Hu, W., Zhang, Z., Duan, C., Cui, Q., et al. (2022a).
Phytoremediation of potentially toxic elements (PTEs) contaminated soils using
alfalfa (Medicago sativa L.): A comprehensive review. Chemosphere 293, 133577.
doi: 10.1016/j.chemosphere.2022.133577

Chu, C.-J., Maestre, F. T., Xiao, S., Weiner, J., Wang, Y.-S., Duan, Z.-H., et al. (2008).
Balance between facilitation and resource competition determines biomass-density
relationships in plant populations. Ecol. Lett. 11, 1189–1197. doi: 10.1111/j.1461-
0248.2008.01228.x

Gao, Y., Wu, P., Jeyakumar, P., Bolan, N., Wang, H., Gao, B., et al. (2022). Biochar as
a potential strategy for remediation of contaminated mining soils: Mechanisms,
applications, and future perspectives. J. Environ. Manage. 313, 114973. doi: 10.1016/
j.jenvman.2022.114973

Hagiwara, Y., Kachi, N., and Suzuki, J.-I. (2010). Effects of temporal heterogeneity of
water supply on the growth of Perilla frutescens depend on plant density. Ann. Bot. 106,
173–181. doi: 10.1093/aob/mcq096

He, S., Yang, X., He, Z., and Baligar, V. C. (2017). Morphological and physiological
responses of plants to cadmium toxicity: A review. Pedosphere 27, 421–438.
doi: 10.1016/S1002-0160(17)60339-4

Hoglund, J. H., and Brock, J. L. (1987). “Nitrogen fixation in managed grasslands,” in
Managed Grasslands: Analytical studies. Ecosystems of the World 17B. Ed. R. W.
Snaydon (Amsterdam: Elsevier), 187–196.

Houben, D., Evrard, L., and Sonnet, P. (2013). Beneficial effects of biochar
application to contaminated soils on the bioavailability of Cd, Pb and Zn and the
biomass production of rapeseed (Brassica napus L.). Biomass Bioenerg. 57, 196–204.
doi: 10.1016/j.biombioe.2013.07.019

Issaka, E., Fapohunda, F. O., Amu-Darko, J. N. O., Yeboah, L., Yakubu, S., Varjani, S.,
et al. (2022). Biochar-based composites for remediation of polluted wastewater and soil
environments: Challenges and prospects. Chemosphere 297, 134163. doi: 10.1016/
j.chemosphere.2022.134163

Kuppusamy, S., Thavamani, P., Megharaj, M., Venkateswarlu, K., and Naidu, R.
(2016). Agronomic and remedial benefits and risks of applying biochar to soil: Current
knowledge and future research directions. Environ. Int. 87, 1–12. doi: 10.1016/
j.envint.2015.10.018

Li, Y., Gao, Y., Kleunen, M. V., and Liu, Y. (2022). Herbivory may mediate the effects
of nutrients on the dominance of alien plants. Funct. Ecol. 36, 1292–1302. doi: 10.1111/
1365-2435.14019

Li, L., Weiner, J., Wang, Y., Wang, S., and Zhou, D.-W. (2016). Yield-density
relationships of above- and belowground organs in Allium cepa var. aggregatum
populations. Plant Ecol. 217, 913–922. doi: 10.1007/s11258-016-0616-7

Li, L., Weiner, J., Zhou, D., Huang, Y., and Sheng, L. (2013). Initial density affects
biomass-density and allometric relationships in self-thinning populations of
Fagopyrum esculentum. J. Ecol. 101, 475–483. doi: 10.1111/1365-2745.12039

Li, K., Yang, B., Wang, H., Xu, X., Gao, Y., and Zhu, Y. (2019). Dual effects of biochar
and hyperaccumulator Solanum nigrum L. on the remediation of Cd-contaminated
soil. Peerj 7, e6631. doi: 10.7717/peerj.6631

Liu, C., Lin, H., Dong, Y., Li, B., and Liu, Y. (2018). Investigation on microbial
community in remediation of lead-contaminated soil by Trifolium repensL. Ecotox.
Environ. Safe. 165, 52–60. doi: 10.1016/j.ecoenv.2018.08.054

Liu, C., Lin, H., Dong, Y., Li, B., andWang, L. (2019). Identification and characterization
of plant growth-promoting endophyte RE02 from Trifolium repens L. @ in mining smelter.
Environ. Sci. Pollut. R. 26, 17236–17247. doi: 10.1007/s11356-019-04904-w
Frontiers in Plant Science 09
Liu, X., Song, Q., Tang, Y., Li, W., Xu, J., Wu, J., et al. (2013a). Human health risk
assessment of heavy metals in soil-vegetable system: A multi-medium analysis. Sci.
Total Environ. 463, 530–540. doi: 10.1016/j.scitotenv.2013.06.064

Liu, X., Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., et al. (2013b). Biochar’s effect on
crop productivity and the dependence on experimental conditions—a meta-analysis of
literature data. Plant Soil 373, 583–594. doi: 10.1007/s11104-013-1806-x

Luo, J., He, M., Qi, S., Wu, J., and Gu, X. S. (2018). Effect of planting density and
harvest protocol on field-scale phytoremediation efficiency by Eucalyptus globulus.
Environ. Sci. Pollut. R. 25, 11343–11350. doi: 10.1007/s11356-018-1427-2

Nandillon, R., Lahwegue, O., Miard, F., Lebrun, M., Gaillard, M., Sabatier, S., et al.
(2019). Potential use of biochar, compost and iron grit associated with Trifolium repens
to stabilize Pb and As on a multi-contaminated technosol. Ecotox. Environ. Safe. 182,
109432. doi: 10.1016/j.ecoenv.2019.109432

Narayanan, M., Kandasamy, G., Kandasamy, S., Natarajan, D., Devarayan, K.,
Alsehli, M., et al. (2021). Water hyacinth biochar and Aspergillus Niger biomass
amalgamation potential in removal of pollutants from polluted lake water. J. Environ.
Chem. Eng. 9, 105574. doi: 10.1016/j.jece.2021.105574

Qin, Y., Shi, X., Wang, Z., Pei, C., Cao, M., and Luo, J. (2021). Influence of planting
density on the phytoremediation efficiency of Festuca arundinacea in Cd-Polluted Soil.
B. Environ. Contam. Tox. 107, 154–159. doi: 10.1007/s00128-021-03173-z

Sarwar, N., Imran, M., Shaheen, M. R., Ishaque, W., Kamran, M. A., Matloob, A.,
et al. (2017). Phytoremediation strategies for soils contaminated with heavy metals:
Modifications and future perspectives. Chemosphere 171, 710–721. doi: 10.1016/
j.chemosphere.2016.12.116

Shen, X., Dai, M., Yang, J., Sun, L., Tan, X., Peng, C., et al. (2022). A critical review on
the phytoremediation of heavy metals from environment: Performance and challenges.
Chemosphere 291, 132979. doi: 10.1016/j.chemosphere.2021.132979

Sohi, S. P., Krull, E., Lopez-Capel, E., and Bol, R. (2010). A review of biochar and its
use and function in soil. Adv. Agron. 105, 47–82. doi: 10.1016/S0065-2113(10)05002-9

Springer, T. L. (2021). How does plant population density affect the biomass of
Ravenna grass? Global Change Biol. Bioenergy 13, 175–184. doi: 10.1111/gcbb.12767

Sumaraj,, and Padhye, L. P. (2017). Influence of surface chemistry of carbon
materials on their interactions with inorganic nitrogen contaminants in soil and
water. Chemosphere 184, 532–547. doi: 10.1016/j.chemosphere.2017.06.021

Sun, Y., Wang, Y., Yan, Z., He, L., Ma, S., Feng, Y., et al. (2022). Above- and
belowground biomass allocation and its regulation by plant density in six common
grassland species in China. J. Plant Res. 135, 41–53. doi: 10.1007/s10265-021-01353-w

Tao, Z., Shen, C., Qin, W., Nie, B., Chen, P., Wan, J., et al. (2023). Fluctuations in
resource availability shape the competitive balance among non-native plant species.
Ecol. Appl. e2795. doi: 10.1002/eap.2795

Tu, C., Wei, J., Guan, F., Liu, Y., Sun, Y., and Luo, Y. (2020). Biochar and bacteria
inoculated biochar enhanced Cd and Cu immobilization and enzymatic activity in a
polluted soil. Environ. Int. 137, 105576. doi: 10.1016/j.envint.2020.105576

Viana, D. G., Egreja Filho, F. B., Pires, F. R., Soares, M. B., Ferreira, A. D., Bonomo,
R., et al. (2021). In situ barium phytoremediation in flooded soil using Typha
domingensis under different planting densities. Ecotox. Environ. Safe. 210, 111890.
doi: 10.1016/j.ecoenv.2021.111890

Wang, X., Cui, Y., Zhang, X., Ju, W., Duan, C., Wang, Y., et al. (2020). A novel
extracellular enzyme stoichiometry method to evaluate soil heavy metal contamination:
Evidence derived from microbial metabolic limitation. Sci. Total Environ. 738, 139709.
doi: 10.1016/j.scitotenv.2020.139709

Wang, R.-Z., Huang, D.-L., Liu, Y.-G., Zhang, C., Lai, C., Zeng, G.-M., et al. (2018).
Investigating the adsorption behavior and the relative distribution of Cd2+ sorption
mechanisms on biochars by different feedstock. Bioresource Technol. 261, 265–271.
doi: 10.1016/j.biortech.2018.04.032

Wang, L., Lin, H., Dong, Y., and He, Y. (2018). Effects of cropping patterns of four
plants on the phytoremediation of vanadium-containing synthetic wastewater. Ecol.
Eng. 115, 27–34. doi: 10.1016/j.ecoleng.2018.01.008

Wang, Y., Zhong, B., Shafi, M., Ma, J., Guo, J., Wu, J., et al. (2019). Effects of biochar
on growth, and heavy metals accumulation of moso bamboo (Phyllostachy pubescens),
soil physical properties, and heavy metals solubility in soil. Chemosphere 219, 510–516.
doi: 10.1016/j.chemosphere.2018.11.159

Warren, C. R., Livingston, N. J., and Turpin, D. H. (2003). Response of Douglas-fir
seedlings to a brief pulse of 15N-labeled nutrients. Tree Physiol. 23, 1193–1200.
doi: 10.1093/treephys/23.17.1193

Wu, C., Zhang, X., Xie, C., Yue, C., Li, H., Wang, J., et al. (2019). Heavy metal
pollution characteristics and ecological risk assessment of 4 greening types soils in
Luqiao,Taizhou. J. Zhejiang For. Sci. Technol. 39, 38–44. doi: 10.3969/j.issn.1001-
3776.2019.05.006

Xiao, Y., Liu, M., Chen, L., Ji, L., Zhao, Z., Wang, L., et al. (2020b). Growth and
elemental uptake of Trifolium repens in response to biochar addition, arbuscular
mycorrhizal fungi and phosphorus fertilizer applications in low-Cd-polluted soils.
Environ. Pollut. 260, 113761. doi: 10.1016/j.envpol.2019.113761
frontiersin.org

https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1016/j.ecoenv.2020.111172
https://doi.org/10.1016/j.ecoenv.2020.111172
https://doi.org/10.1128/AEM.72.5.3175-3183.2006
https://doi.org/10.1111/j.1574-6941.2006.00095.x
https://doi.org/10.1111/j.1574-6941.2006.00095.x
https://doi.org/10.1146/annurev.es.11.110180.001313
https://doi.org/10.1016/j.jiec.2016.06.002
https://doi.org/10.1016/j.psep.2022.02.061
https://doi.org/10.1016/j.psep.2022.02.061
https://doi.org/10.1016/j.chemosphere.2022.133577
https://doi.org/10.1111/j.1461-0248.2008.01228.x
https://doi.org/10.1111/j.1461-0248.2008.01228.x
https://doi.org/10.1016/j.jenvman.2022.114973
https://doi.org/10.1016/j.jenvman.2022.114973
https://doi.org/10.1093/aob/mcq096
https://doi.org/10.1016/S1002-0160(17)60339-4
https://doi.org/10.1016/j.biombioe.2013.07.019
https://doi.org/10.1016/j.chemosphere.2022.134163
https://doi.org/10.1016/j.chemosphere.2022.134163
https://doi.org/10.1016/j.envint.2015.10.018
https://doi.org/10.1016/j.envint.2015.10.018
https://doi.org/10.1111/1365-2435.14019
https://doi.org/10.1111/1365-2435.14019
https://doi.org/10.1007/s11258-016-0616-7
https://doi.org/10.1111/1365-2745.12039
https://doi.org/10.7717/peerj.6631
https://doi.org/10.1016/j.ecoenv.2018.08.054
https://doi.org/10.1007/s11356-019-04904-w
https://doi.org/10.1016/j.scitotenv.2013.06.064
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1007/s11356-018-1427-2
https://doi.org/10.1016/j.ecoenv.2019.109432
https://doi.org/10.1016/j.jece.2021.105574
https://doi.org/10.1007/s00128-021-03173-z
https://doi.org/10.1016/j.chemosphere.2016.12.116
https://doi.org/10.1016/j.chemosphere.2016.12.116
https://doi.org/10.1016/j.chemosphere.2021.132979
https://doi.org/10.1016/S0065-2113(10)05002-9
https://doi.org/10.1111/gcbb.12767
https://doi.org/10.1016/j.chemosphere.2017.06.021
https://doi.org/10.1007/s10265-021-01353-w
https://doi.org/10.1002/eap.2795
https://doi.org/10.1016/j.envint.2020.105576
https://doi.org/10.1016/j.ecoenv.2021.111890
https://doi.org/10.1016/j.scitotenv.2020.139709
https://doi.org/10.1016/j.biortech.2018.04.032
https://doi.org/10.1016/j.ecoleng.2018.01.008
https://doi.org/10.1016/j.chemosphere.2018.11.159
https://doi.org/10.1093/treephys/23.17.1193
https://doi.org/10.3969/j.issn.1001-3776.2019.05.006
https://doi.org/10.3969/j.issn.1001-3776.2019.05.006
https://doi.org/10.1016/j.envpol.2019.113761
https://doi.org/10.3389/fpls.2023.1269082
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zheng et al. 10.3389/fpls.2023.1269082
Xiao, L., Zhang, C., Wang, G., Guan, D., Zhang, R., Chen, Y., et al. (2020a).
Influencing pathways of soil microbial attributes on accumulation of heavy metals in
brassica (Brassica campestris L. ssp.chinensis var.utilis Tsen et Lee) leaves. Environ.
Pollut. 262, 114215. doi: 10.1016/j.envpol.2020.114215

Xiao, Y., Zhao, Z., Chen, L., and Li, Y. (2020c). Arbuscular mycorrhizal fungi and
organic manure have synergistic effects on Trifolium repens in Cd-contaminated sterilized
soil but not in natural soil. Appl. Soil Ecol. 149, 103485. doi: 10.1016/j.apsoil.2019.103485

Xie, Y., Wang, L., Li, H., Westholm, L. J., Carvalho, L., Thorin, E., et al. (2022). A
critical review on production, modification and utilization of biochar. J. Anal. Appl.
Pyrol. 161, 105405. doi: 10.1016/j.jaap.2021.105405
Frontiers in Plant Science 10
Yan, A., Wang, Y., Tan, S. N., Yusof, M. L. M., Ghosh, S., and Chen, Z. (2020).
Phytoremediation: A promising approach for revegetation of heavy metal-polluted
land. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00359

Zhao, F.-J., Ma, Y., Zhu, Y.-G., Tang, Z., and McGrath, S. P. (2015). Soil
contamination in China: Current status and mitigation strategies. Environ. Sci.
Technol. 49, 750–759. doi: 10.1021/es5047099

Zhong, X., Chen, Z., Li, Y., Ding, K., Liu, W., Liu, Y., et al. (2020). Factors
influencing heavy metal availability and risk assessment of soils at typical metal
mines in Eastern China. J. Hazard. Mater. 400, 123289. doi: 10.1016/
j.jhazmat.2020.123289
frontiersin.org

https://doi.org/10.1016/j.envpol.2020.114215
https://doi.org/10.1016/j.apsoil.2019.103485
https://doi.org/10.1016/j.jaap.2021.105405
https://doi.org/10.3389/fpls.2020.00359
https://doi.org/10.1021/es5047099
https://doi.org/10.1016/j.jhazmat.2020.123289
https://doi.org/10.1016/j.jhazmat.2020.123289
https://doi.org/10.3389/fpls.2023.1269082
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of biochar application and nutrient fluctuation on the growth, and cadmium and nutrient uptake of Trifolium repens with different planting densities in Cd-contaminated soils
	Introduction
	Materials and methods
	Seedling preparation
	Experimental design
	Harvest and measurements
	Statistical analysis

	Results
	Growth response
	Cd response
	Nutrient response

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


