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Abstract: Plastics in agricultural soils are of current concern to environmental scientist due to
potential effects on soil-plant system and food security. In this study, the effect of macro- and micro-
sized plastic types of low density polyethylene (LDPE), polypropylene (PP) and polystyrene (PS) in
soil on growth of juvenile lime tree were studied using a pot experiment under ambient field
conditions. To determine the effect, seven exposure patterns (single: LDPE, PP, PS and mixture:
LDPE+PP, LDPE+PS, PP+PS, LDPE+PP+PS) in soil was tested. The results showed that macro-
and micro- plastic residues affected the plant during vegetative growth with LDPE single exposure
had the strongest negative effects (inhibition of 0.26%). However, LDPE+PP+PS had some positive
effects by improving growth higher than the control. Overall, microplastics showed more negative
effects than macroplastics, but the lime tree showed strong tolerance (with tolerance index > 70 %) to
the different treatments. Without doubt, more research is urgently needed in order to fully understand
the effect and mechanism of macroplastics and microplastics in soil-plant system. When understood
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remediation methods could be formulated to minimize the effects of plastics which are now
ubiquitous in the environment.
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1. Introduction

In the last one and half decades, the pollution and impact of plastics in the environment has been
the major focus of study for many scientists globally. Studies have demonstrated that presence of
macro- and micro- plastics in aquatic ecosystems and atmospheric compartments posing serious
threat to aquatic organism, marine ecosystem and human health [1-3]. Over the years, soil has
become a major sink for microplastics [4,5] and are also part of microplastics contamination cycle
involving both atmosphere and aquatic ecosystems [6]. According to Horton AA et al. [7] the soil
contains more plastic waste than the ocean. In 2017, an estimated 34.8 million metric tons of plastics
ended up as waste in landfills globally [8].

More than half of previous research regarding the occurrence and fate of microplastics in the
environment has been focused on aquatic ecosystem [9,10] while soil ecosystems especially
agricultural soil has been less studied [1,3,5]. In agriculture, it is a common practice to use shredded
vegetable matter and/or plastics (e.g. polyethylene) as mulch material to improve soil quality by
retaining the moisture, discouraging weed growth and insulating the soil thus making it more
beneficial to desired plant growth [11]. These practices are currently on the rise globally [12-14].
According to Brodhagen M et al. [13], the application of plastic mulch, improved plants and
economic growth. However, the down side of this practice is that the plastic is left in the soil after
harvest due to the difficulties in removing them and coupled with high cost of recycling [13,15].
Over the years the residual plastics accumulates resulting in large quantity of plastics in the
soil [15,16]. Unfortunately, the rate of disintegration of these plastic residues in soil is currently
unknown [17], therefore the accumulation is undesirable and could affect quality of soil, crop
production [16,18] and potentially affect human health [1,3,6,8]. Due to UV radiation, mechanical
abrasion, and interaction with fauna, macro plastics (> 5 mm) in the soil become brittle and then
fragments into smaller particles, then microplastics (MPs, 0.1um to 5 mm) [19]. Apart from the
application of mulch film, microplastics could enter agricultural soil from application of sludge and
organic fertilizer on land, waste water irrigation, littering and surface runoff as well as deposition of
airborne microplastics [1,4,5,20]. The long-term presence of plastics in agricultural soils could cause
stunted plants growth due to the ability to uptake them and negatively affect biodiversity. Previous
reports have shown that plants can accumulates micro and nano size plastics, through their cell wall
and membrane [5,21,22] and could uptake toxic pollutants as well [1]. Microplastics have the ability
to convey toxic pollutants with endocrine disrupting ability within soil-plant system, whether by
adsorption or from additives contained in the plastic [1,3]. This has aroused the interest of
environmental analytical scientists regarding the soil-plant system.

Literature reveals that there has been limited experimental research focusing on macroplastics
and microplastics in soil-plant system. Enyoh et al. [1] in their review identified a knowledge gap
and called for deliberate studies focusing on the effects of microplastics concentrations and type on
plant. Qi et al. [14] already took the first steps towards filling the knowledge gaps by studying the
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effects of macro- and micro- plastics in presence and absence of earthworm in soil on wheat plant in
a climate chamber. Following the study of Qi Y et al. [14], the current research is aimed to further
fill knowledge gaps by testing the effects of macro- and micro- plastics of three types, low density
polyethylene (LDPE), polypropylene (PP) and polystyrene (PS) in soil on the growth of juvenile lime
tree (Citrus aurantium) under ambient field conditions.

Citrus fruits are highly cultivated in Nigeria. Currently, Nigeria is the 9th major global producer
and largest in Africa [23]. As at 2008, Food and Agriculture Organization placed annual local
production to be about 3.4 million metric tonnes from an estimated 3 million hectares of land [24].
Production has grown ever since at an average rate 3.21 % reaching 4.09 million metric tonnes in
2017 [25] due to increasing demand, mainly from the composition and many usefulness of its
different parts. The pulp and peel of citrus fruits are being used as livestock feeds, produce citric acid
and feed yeast among others. The peels also contain essential oils, a valuable material in the
international market, the bark and leaves are well known to have phytochemicals that are of
pharmacological importance. While the cultivation is seemingly rampant, to the best of our
knowledge studies focusing on the impact of macro- and micro- plastics in terrestrial ecosystem and
particularly agricultural soils in Nigeria is non-existent [26,27]. In Nigeria, current estimate revealed
that 114.8 kt of plastics is in the environment as waste and it is predicted to reach 147.8 kt in
2023 [27]. Therefore, the study also provides first assessment of macro- and micro- plastics in
agricultural soils on plant in Nigeria. Furthermore, the present study will encourage similar
researches that will lead to a proper understanding of the plastic-soil-plant system.

2. Materials and methods
2.1. Experimental design
2.1.1.  Soil and plant materials

A pot experiment was adopted to evaluate the effects of different types and sizes of plastic
fragment on lime tree (Citrus aurantium) in a field condition. The soils used for the study were
collected from a farmland in Orji, Owerri Imo State Nigeria (Lat. 5°30'56.778" N, Lon. 7°2'59.574"
N and above sea level 123.40 m). A simple random sampling technique was adopted for sample
collection, to spread sampling point objectively. Top soils (0—5 cm) were collected using a soil auger
and transferred into black plastic bags. The sampling materials used were previously soaked and
rinsed in 10% HNO3 overnight. The bags were tied tightly and transported to the laboratory for
analysis. In the lab, soil samples were air-dried and debris removed. The soil was grounded and
sieved with 2 mm mesh-sieve and kept for further use and analysis. The farmlands were used to grow
the Citrus aurantium (nurseries) prior to the study. The nurseries collected from the farmland had an
average height of 7 =22 cm and have been growing for more than a year. The soils collected were
analyzed in triplicate for physicochemical characteristics as described previously [28,29].
Temperature was determined in situ using the soil gardeners thermometer while pH using Jenway
3510 pH meter. HANNA HI 8733 EC Meter was used in determining soil electrical conductivity
in uS/cm. Moisture contents and soil organic matter were determined based on weight loss on
ignition at 105 °C and 440 °C respectively. Particle size distribution (% sand, % silt and % clay) was
determined using hydrometer. The soil colour was dark brown, which consisted of 51 +0.02 % clay,
13.6 +0.49 % sand and 4.6 £0.51% silt with an organic matter and moisture content of 4.21 +1.12 %
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and 18.23 +2.14 % respectively. The pH, temperature and electrical conductivity were 6.62 +0.04,
28.2 +£1.34 °C and 371.62 +3.42 US/cm respectively. The soil properties are consistent with tropical
soils of this region [28,29]. The soil samples were then air-dried under room temperature, removed
debris, crushed and sieved through a 2 mm steel sieve for homogeneity before use.

2.1.2.  Plastic materials

Three types of plastic were evaluated in this experiment: (1) low-density polyethylene (LDPE),
(2) polypropylene (PP) and (3) polystyrene (PS) (the sources of these plastic types were from
household and containers for personal care products, presented in Figure 1). These plastic types were
identified based on their SPI (Society of Plastic Industry) codes [30]. LDPE had code number 4, with
density of 0.92 g/cm?, tensile strength of 600-2300 psi, melting temperature of 98-115 <T and
resistant to solvent below 60 <T; PP had code number 5, with density: 0.90 g/cm?, tensile strength of
4500-5500 psi, melting temperature of 175 <C and resistant to solvent below 80 <T while PS had
code number 6, with density of 1.05 g/cm?®, tensile strength of 5000-7200 psi and melting
temperature of 100 <C.

(a) LDPE (b) PP () PS

Figure 1. Source of plastic types used in the study.

The macroplastics (Ma) and microplastics (Mi) fragments used were obtained manually as
described previously [14]. For Ma, the pieces of plastics were cut on a hard-wooden board using
sharp blades and scissors and size of about 5¢cm were used. After cutting, some pieces of plastic were
randomly collected from each sort. To obtain Mi (< 5 mm), the remaining unused macroplastics were
further cut into pieces and then was frozen and grounded into a powder using a high speed blender.
After grinding, the resulting powder was sieved through 1 mm sieves, to obtain microplastics of
homogenous sizes.

2.1.3. Treatments

Three factors were taken into consideration while planning the experiment: single
(LDPE/PP/PS), mixture (LDPE+PP/ LDPE+PS/ PP+PS/ LDPE+PP+PS) and sizes of plastic residues
(Ma/ Mi) (Table 1). Furthermore, eleven control treatments without any plastic residues were also
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examined. Overall, the experiment consisted of eight treatments with 165 pots x 3 replicates making
a total of 495 pots.

Table 1. Treatments setting for the study.

Days Control Treatment
LDPE PP PS LDPE+PP LDPE+PS PP+PS LDPE+PP+PS
0 Control 1 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi

10 Control 2 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi
30 Control 3 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma M Ma Mi
60 Control 4 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi
90 Control 5 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma M Ma Mi
120 Control 6 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi
150 Control 7 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma M Ma Mi
180 Control 8 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi
210 Control 9 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma M Ma Mi
240 Control10 Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi
270 Control1l Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi Ma Mi

Notes: Ma- Macroplastics; Mi- Microplastics.
2.2. Set up and growth conditions

For the experimental set up, with slight modifications, we followed a procedure described
previously [14]. For each pot (height = 7 cm, top diameter = 6 cm and bottom diameter = 4 cm), we
added the sieved soil of weight 3000 g. Then accurately weighed plastic material (30 g) was mixed
manually with water and the mixture poured in the pot containing the soil (except for the control
which was free from plastic contamination) to make a treatment of 1 % w/w. The plastic mixture
treatment also followed the same procedure except that the plastics (either Ma or Mi) added were
15 g + 15 g for two mixtures (also 1 % w/w for LDPE+PP, LDPE+PS and PP+PS) and 10g+10g+10¢g
for three mixtures treatment (1 % w/w for LDPE+PP+PS). Similar treatments have been applied in
other studies [14,31,32]. After the set-up, moisture contents of the pots were unified to 18 % similar
to the soil field capacity. All the pots were allowed to settle down for a period of one week before
lime juvenile plants were transplanted from the field into pots. The cultivation of the plant was done
under ambient field conditions (relative humidity: 72.70 £10.37 % and temperature: 29 +4.82 °C.
Both parameters were measured with CO. gas analyzer AZ77535 as described by [33]. The pots
were placed randomly (and position shifted once a month) and watered weekly with tap water and
the soil moisture was kept at around 12% to 18% with respect to weight [14].

2.3. Measurements of growth parameters

Plant heights were measured from the root to the tip of the plant using a tape rule. The number of
branches and leaves were counted manually and recorded. Plants dry biomasses were recorded after
drying at 70 C (using DHG-9023A Oven by B. Bran Scientific and Instrument Company, England)
to a constant weight. Leaf areas were measured using a plastic ruler as shown in Figure 2. The length
(L cm) of the leaf was measured at the apex and width measured at the center (W cm). Leaf areas
were then calculated as the product of the length and the width (L* W) in cm? The growth
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parameters were measured for all treatments at 30 days interval for 270 days (between January 2019
and October 2019, covering both the dry and rainy period).

(@) (b)
Figure 2. Plant height (a) and leaf area (b) measurements.
2.4. Statistical and data analysis

Statistical data analyses were performed using IBM SPSS Statistics 20. Mean values from
replicate observations were recorded for each plant and were expressed as mean = standard
deviation. Line plots were made for 60, 120, 180, 240 and 270 days for clearer view of trend while
box-plot was created to summarize data obtained over 270 days. One-way analysis of variance
(ANOVA) was carried out to compare the different treatment and differences were considered
significant at P < 0.05. Chemometric models such as relative growth rate (RGR), tolerance index
(T1) and % inhibition were employed to assess the effects of treatment on vegetative growth of the
juvenile lime tree. RGR value is an important index for estimating growth trends of plants exposed to
the different treatment groups. It was proposed by Fisher in 1921 [34,35] and computed using Eq 1,
where: In(my): logarithm of the final dry mass (g); In(mo): logarithm of the initial dry mass (g); to:
initial time (d); ta: final time (d).

RGR = (’"(ml) ~In(me)y, to) * 1000 )

The tolerance index (TI) was proposed by [36]. In the context of this study, it provides
information regarding the tolerance of the plant to plastic contamination of the soil. It was calculated
using Eq 2 as the ratio of growth rate of the plant in the plastic treated soil to growth rate of the plant
in the control soil [34]. In the equation, RGR is the growth rate of the plant in the solution
contaminated while RGR. is the growth rate of the plant in the control soil, without treatment. The %
inhibition (Eq 3) provides information on the extent by which the contaminations of plastic in the
soil inhibit/reduce growth of the plant with respect to the control. The variables for % inhibition is
same as the ones in Eq 2.

TI = (RGR/RGRC) %100 (2)

% Inhibition = 1 — (ROR/pcp ) )
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3. Results
3.1. Lime tree development and vegetative growth
3.1.1.  Plant height

The effects of different treatment for both macroplastics and microplastics in comparison to
control are presented in Figure 3. Over 270 days, the effect trend for macroplastics on plant height
was; LDPE+PP+PS (10.21 +5.36 cm) > LDPE+PS (8.58 £5.40 cm) > Control (8.42 £5.19 cm) >
PS+PP (8.36 +5.64 cm) > PP (7.61 +=4.26 cm) > PS (7.29 £4.33 cm) > LDPE+PP (7.20 £5.15 cm) >
LDPE (7.17 £4.44 cm) while for microplastics the effect trend was; LDPE+PP+PS (10.45 +6.00 cm)
> Control (8.42 £5.19 cm) > PS+PP (8.20 +5.33 cm) > PP (7.70 +4.44 cm) > LDPE+PP (6.94 +
4.44 cm) > LDPE (6.64 £5.71 cm) > PS (6.59 £3.46 cm) > LDPE+PS (6.18 +4.22 cm) respectively.
This therefore showed that only Ma-LDPE+PP+PS, Ma-LDPE+PS and Mi-LDPE+PP+PS increased
the height of the plant than the control over 270 days. However, all treatments assessed by One-way
ANOVA showed significant differences (P < 0.05) from the control (Figure 4). Between the two
plastic sizes, there was also a significant difference (P < 0.05), with addition of microplastics having
greater negative effects (reducing) on plant height than the addition of macroplastics (Figure 4).

Microplastics

25 1 Macroplastics

=60 days =E=120days 180days ==-=240days ===270days

20

Plant height (cm)

Control LDPE PP PS LDPE+PP  LDPE4PS PP4PS  LDPE+PP+PS Control LDPE PP ps LDPE+PP  LDPE4PS PP+PS  LDPE+PP4PS

Treatment

Figure 3. Plant height for different macroplastics and microplastics treatments in 60,
120, 180, 240 and 270 days. Bars indicate standard error (xSE) at 0.05.
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Figure 4. Box plot for effect of different macroplastics and microplastics treatments on
plant height over 270 days. Different alphabet in plot indicate significant differences at P
< 0.05.

3.1.2 Branch number

The effects of the different treatment and plastic sizes on number of branches are presented in
Figure 5. Similar trend was generally observed for both size group of the plastic. At day 60 and 120
all treatment showed equal number of branches with control (= 2 and 3 respectively). Over the entire
study period, Ma-LDPE+PP+PS (3.72 £2.33) and Mi-LDPE+PP+PS (3.63 +2.15) had the highest
number of branches while Ma/Mi-LDPE (3.00 1.79) had lowest respectively. All treatment showed
no significant differences (P > 0.05, Figure 6) from the control (3.55 +2.11) over the study period.

L] ——60days -@—120days -—&—180days =-+=—240days ~—=—270days
Microplastics T T Microplastics

w

Branch number
o

Control LDPE PP PS LDPE4PP  LDPE+PS PP+PS  LDPE+PP4PS Control LOPE PP s LOPE+PP  LOPE+PS PP+PS  LOPE+PP+PS

Treatment

Figure 5. Number of branches for different macroplastics and microplastics treatments in
60, 120, 180, 240 and 270 days. Bars indicate standard error (=SE) at 0.05.
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treatments on number of branches over 270 days. Bars indicate standard error (£ SE) at

0.05.

3.13 Number of leaves

The effects of the different treatment and plastic sizes on number of leaves are presented in
Figure 7. Over the entire study period (270 days), the highest and lowest number of leaves was
observed for LDPE+PP+PS treatment (Ma: 28.73 £25.06 > Mi: 28.18 +25.06) and PS treatment
(Ma: 22.18 +18.72 < Mi: 22.73 +=19.48) (Figure 8). The former only had higher number of leaves
than the control (28.27 =+ 24.23), but not significantly different (P > 0.05, Figure 8). However,
comparing plastic size effects (Figure 7), microplastics treatment appeared to have stronger inhibition
on the number of leaves, but they also showed no significant differences (P > 0.05) (Figure 8).

90 =t=60days ~E=120days ~a~180days ~===200days ==270days

Macroplastics

Leaf number

Control LOPE PP

Ps

80

70

40

30 4

LOPE+PP  LDPE4PS

0
PP+PS  LDPE+PPYPS Control

Treatment

Microplastics

LDPE

4

Ps

10 W

LDPE+PP  LDPE+PS PP+PS  LDPE+PP+PS

Figure 7. Leaf number for different macroplastics and microplastics treatments in 60,
120, 180, 240 and 270 days. Bars indicate standard error (xSE) at 0.05.
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Figure 8. Box plot for effect of different macroplastics and microplastics treatments on

leaf number over 270 days. Different alphabet in plot indicate significant differences at
P <0.05.

3.1.4. Leaf area

The leaf areas of the different treatment groups are presented in Figure 9. In size Ma, except for
treatment LDPE+PP+PS (P < 0.05) and LDPE+PP (P < 0.05), all other treatment had no significant
difference from the control (P > 0.05). Furthermore, only Ma-PS (19.82 cm?) and PP+PS (19.24 cm?)
had lower leaf areas than the control (20.15 cm?). In size group Mi, all treatment (except for PP, PS,
LDPE+PS and PP+PS) significantly reduced the leaf areas compared to macro sizes. The effect of
microplastics showed significant differences from macroplastics, for LDPE, LDPE+PP and
LDPE+PP+PS treatments. The effect trend over the entire period of study was LDPE+PP >
LDPE+PS > PP+PS > PP > PS > LDPE > LDPE+PP+PS (Figure 9).

25
uMi 2

o e L .
10

5

0 - - :

LDPE PP LDPE+PP  LDPE+PS PP+PS LDPE+PP+PS Control
Treatment

€

mMa

-
wv

leaf area (cm?)

Figure 9. Mean leaf area for all treatment over 270 days. Bars indicate standard error
(£SE) at 0.05.
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3.1.

5. Total plant biomass (TPB)

The trend for total plant biomass is presented in Figure 10. The TPB of the plant increased with

time from 1.40 g from the initial day to as high as 9.22 g at the 270th day. Overall, for macroplastics,

the

control (5.00 +=3.10 g) had higher biomass than all treatments except for LDPE+PP+PS (5.43 +

2.39 g) while for microplastics, all treatments had lower biomass than the control. However, all
treatments for both macroplastics and microplastics showed significant differences from the control
(P < 0.05) also between the size categories (P < 0.05).

—+—60days —8—120days —w—180days =—=—240days —=—270days

12 Macroplastics

Total plant blomass (g)

Total plant biomass (g)

Microplastic

|

Control LDPE PP Ps LDPE+PP  LDPE+PS PP+PS  LDPE+PP+PS Control LDPE P Ps LOPE+PP  LDPE+PS PP+PS  LDPE+PP+PS

Treatment

Figure 10. Total plant biomass for all treatments in 60, 120, 180, 240 and 270 days. Bars
indicate standard error (£SE) at 0.05.
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Figure 11. Box plot for effect of different macroplastics and microplastics treatments on
plant height over 270 days. Different alphabet in plot indicate significant differences at P
< 0.05.
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3.2. Relative growth rate (RGR), % inhibition and tolerance index (TI) of juvenile lime tree

The relative growth rate of C. aurantium to the different treatment is presented in Table 2. The
control had a better growth rate (10.29 +2.65) for all treatments except for Ma-LDPE+PP+PS. The
lowest growth rate of the plant was observed for LDPE treatment. RGR of LDPE, PP+PS and
LDPE+PS treatments for both plastic sizes were significantly different from the control (P < 0.05),
while other treatment groups showed no significant differences from the control (P > 0.05).

Table 2. Relative growth rate, % inhibition and Tolerance index.

Treatments
LDPE PP PS LDPE+PP LDPE+PS PP+PS LDPE+PP+PS
Relative growth rate (RGR)

Control 10.29 £2.65a 10.29 +2.65a 10.29 +2.65a 10.29 £2.65a 10.29 £2.65a 10.29 +2.65a 10.29 +2.65a

Macroplastics 7.62 £2.22b 9.02 £2.2%9aa 9.23 £2.34a 9.78 x2.75a  9.68 +2.95bc 9.41 +1.54de 10.97 +2.39a
Microplastics  7.60 £2.19b 8.91 +2.26ab 9.14 +£2.32a 9.73+2.76a 9.61 +2.94bc 9.23 +1.71ef 10.13 +2.25a

% Inhibition
Macroplastics 0.26a 0.12a 0.10a 0.05a 0.06a 0.09a -0.07a
Microplastics  0.26a 0.13a 0.11a 0.05a 0.07a 0.10a 0.02b
Tolerance index (%)
Macroplastics  74.05a 87.66a 89.70a 95.04a 94.07a 91.45a 106.61a
Microplastics  73.85a 86.59a 88.82a 94.56a 93.39%a 89.69a 98.45b

*Values in column with the same alphabet are not significantly different at 5% level of probability

Similar to relative growth rate, the highest inhibition (Table 2) was observed for the LDPE
treatment (0.26) while other treatments were in the order of PP > PS > LDPE+PS > LDPE+PP >
PP+PS > LDPE+PP+PS. Ma-LDPE+PP+PS had a negative % inhibition due its RGR being higher
than that of control and was significantly different from other treatment (P < 0.05).

C. aurantium generally showed high tolerance to the different treatment groups (Table 2). For
macroplastics, the tolerance index ranged from 74.05 % for LDPE to 106.6 % for LDPE+PP+PS
while for microplastics group, the tolerance index ranged from 73.85 % for LDPE to 98.45 % for
LDPE+PP+PS. Overall, high tolerance to macroplastics than microplastics contamination was shown
by the plant.

4. Discussion

The growth of the lime tree was not severely affected by macroplastic and microplastic exposure
in this study when in comparison with the control. Despite the observed toxicity symptoms as the
decrease in total plant biomass, there was no unfavorable impact on the relative growth rate (RGR).
In fact, there was better growth stimulation in one of the treatments (Ma-LDPE+PP+PS) than the
control. This growth could also be due to the possibility of the plastic treatments improving soil
biophysical properties such as bulk density, soil aggregation and water holding capacity [32,37] and
other factors such as soil animals such as earthworms. Recent studies have suggested that earthworm
presence in soil could reduce the deterioration made by plastic residues on growing plants [3,14]. It
was explained further that the particles in the soil are eaten by earthworm [37], although unfavorable
for the earthworm, but the endeavor will reduce plastic quantity and in turn may improve soil
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condition. The result from the study also showed that LDPE have more negative effects on soil-plant
system than PP and PS. Similar studies elsewhere have made similar observation for LDPE having
negative impact on growth of plant under differing treatment conditions [14,39,40]. Qi et al. [14]
mixed 1% concentration of LDPE residues (macro- and micro- plastics) in sandy soil and assessed
the impact on wheat growth in a pot study. They reported that both above and below ground parts of
the plant were affected during both vegetative and reproductive growth [14]. Dong et al. [40] used
six film (made of LDPE) residue gradient density (0, 250, 500, 1000, 1500, 2000 kg hm-2) to find the
reason for decline in cotton yield in northern Xinjiang, China. They found that cumulative LDPE
residue negatively affected cotton yield after 121 years and 157 years of mulching with decrease in
yield reaching 60.3 % [40]. However, in contrast, an improvement of soil microenvironment and
fertility was observed due to accumulated LDPE by Tao Z et al. [41] using horse bean mixed with
high molecular weights (> 2000) of LDPE powder and using corn [12]. These studies however were
conducted using treatments that are different from the study, thereby suggesting that the effect could
be based on quantity and plant type. For example, microfibers added at concentrations of 0.05% to
0.40% in soil had more effects on soil properties compared to beads added at concentrations from
0.25% to 2.00% [31]. However, between PP and PS, PP generally showed stronger effects on the
vegetative growth of C. aurantium (Table 2). The effects of these plastic types are varied based on
exposure concentrations, plastic types, shape, and size. PP particles at 7 % and 28 % concentration
added to soil was reported to show positive effects on soil microbial community [42] while at smaller
concentrations (0.05-0.4 %) PS was observed to show negative effects [3,31,43]. Both macroplastics
and microplastics treatment for LDPE had the highest % inhibition and lowest growth rate while
plastic mixture of LDPE, PP and PS had higher growth rate than the control (with no plastics) (Table
2). Thus, in order to have a comprehensive understanding of why LDPE had this effect, further
studies need to examine the chemical composition and release from LDPE compared to other studied
plastics.

According to this study, macro- or micro- sizes of plastic residues showed slightly differing
effects on lime tree growth and microplastics showed more negative effects than macroplastics.
Similar observation was also made in previous study [14]. The tolerance of the plant to the different
treatments was evaluated using the tolerance index (TI). Generally, the plant showed high tolerance
(> 70 %) to the different treatments. However, the lowest and highest tolerance was observed for
LDPE (Ma- 74.05 % > Mi- 73.85 %) and LDPE, PP and PS mixtures (Ma- 106.6 % > Mi- 98.45 %).
For the doubts at present, the underlying reason why the lime tree had high tolerance to the
treatments has not been traced. It is hypothesized that the presence of micro- and macro- plastics in
the soil altered the soil properties and structure, to conditions favoring the lime tree growth.

5. Conclusion

Based on the findings of this study, it can be concluded that macro- and micro- plastic residues
of low density polyethylene, polypropylene and polystyrene in soils could have positive and negative
effects on both vegetative growth of juvenile lime tree. However, plastic mixture of LDPE, PP and
PS in soil showed some positive effects on vegetative growth of juvenile lime tree while LDPE had
the strongest negative effect on the growth. C. aurantium generally showed high tolerance to plastic
contamination. Without doubt, more research is urgently needed in order to fully understand the
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effects of macroplastics and microplastics in soil-plant system, given that macro- and micro- plastics
as emerging pollutants in our environments.
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