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Mulches can be defined as materials that are applied or grow on the soil surface (the latter are the living mulches), in

contrast to soil-incorporated materials. The use of plastic mulch films is widespread in agriculture for specialty cropping

systems because of several benefits. 

Keywords: biodegradable mulches ; biodegradation ; soil health ; sustainability ; bioplastic mulches ; mulching ; history of

mulching ; plasticulture

1. General Background of Mulching

1.1. History and Economic Importance

The English word “mulch” could be a loanword of the early modern age (XVI century) German word “mölsch” (soft or

rotten). The two words could be also related, that is to say they could have the origin in common . Finally, “mulch” could

derive from Middle Dutch “malsc” . The Proto-Indo-European root of the word could be “mel-” meaning “soft”, with

derivatives referring to soft or softened materials . “Mel-” may be the source of the Greek “malakos” (soft) and the Latin

“mollis” (soft) . Although the etymology of the word “mulch” recalls the idea of softness, the mulching technique was also

implemented with lithic materials such as stones, pebbles, and volcanic sand . Lithic mulching is an ancient technique

typical of agriculture in arid and semi-arid areas, and human communities distant in time and space have resorted to it

from prehistoric times to the present day, and on all continents . Reading the texts of the modern age, it is possible to

find information about the use of plant materials to cover the soil. Giovan Vettorio Soderini, an Italian agronomist of the

sixteenth century, in his “Trattato della coltivazione delle viti, e del frutto che se ne può cavare” (published in Florence in

1600), recommended placing the mulch inside the pit to plant vines. François Gentil in his “Le jardinier solitaire”

(published in Paris in 1704), indicated a practice that might appear singular; he advised placing straw mulch at the foot of

the trees, so that their fruits would not be damaged by falling to the ground. In the November 1778 issue of Farmer’s
Magazine (a periodical published in London), regarding the seed propagation of rhubarb, it is written: If the seeds
vegetate late in the season, they ought to be covered with mulch or moss, to preserve them in winter. Since the early

twentieth century, the attention of farmers towards mulching, made with both vegetable residues and paper, has increased

. In this regard, the use of tar paper as mulch began long before polyethylene (PE) was available. In fact, the first tar

paper mulch, designed to defend the roots of trees from pests, dates back to 1870 . In the first half of the twentieth

century, some crops, such as the pineapple in Hawaii , have been enhanced through the innovation of paper mulching.

Interest in mulching has further grown with the development of plastic materials . In 1948 in the United States, PE was

evaluated for the first time in agriculture with the aim of making greenhouse covers cheaper than those made with glass.

However, the use of PE films as mulch began in the early 1960s when mulch applicators were developed, together with

transplanters that plant directly on the mulch . The use of plastic in agriculture increased considerably over the years, so

much so that the word “plasticulture” was coined as a blend of the words “plastic” and “agriculture”. In this regard, at the

end of the 1980s more than 3.5 million hectares were covered with plastic mulch (Figure 1) and nearly 450,000 tons of

plastic mulch were used every year . In the same period, about 80% of the mulched areas were in China (Figure 1).

This figure appears even more surprising if considering that in 1979 only 44 hectares of mulched area were in China . In

the 1999–2002 period, China still had about 80% of the world’s mulched areas, despite the latter having grown to nearly

12.5 million hectares . In 2017, the areas covered by plastic mulch reached 22 million hectares , 84% of which were

in China  (Figure 1).
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Figure 1. Mulched areas in China and in the world over the 1987–2017 period. Sources: Jensen and Malter ; Jouet ;

Castellón ; An et al. .

Furthermore, in 2017 about 2.75 million tons of mulch film were used in the agricultural sector , meaning that over just

thirty years the world annual consumption of plastic films increased sixfold. Plasticulture is still very widespread in Europe.

In the two-year period 2018–2019, plastic mulches accounted for 25.3% of the plastic sold for crop production and for

11.2% of the total plasticulture in Europe (Figure 2) . The European countries (EU + 3) where the most plastic films

were sold in 2018 were Spain (93,000 tons) and Italy (89,500 tons), followed by Germany and France (70,000 and 57,500

tons, respectively) (Figure 3) .

Figure 2. Venn diagram about plasticulture in Europe over the 2-year period 2018–2019. Data are expressed as tons of

plastic sold. Source: APE Europe .
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Figure 3. European film sales by country in 2018 expressed as thousands of tons. The darkness of each country in the

map is proportional to the mass of plastic films sold. The two-letter abbreviations of country names are in accordance with

the ISO 3166-1 alpha-2 standard. Source: APE Europe .

1.2. Classification of Mulching and Main Issues

Mulches can be defined as materials that are applied or grow on the soil surface (the latter are the living mulches), in

contrast to soil-incorporated materials . They may provide many services to the soil: improvement of moisture content,

reduction in soil compaction and erosion, mitigation of temperature excesses and defects, and improvement to plant

establishment and growth . Not to mention, organic and living mulches can improve soil nutrition, degrade

pesticides, and reduce weed pressure . Mulching materials can be classified into three types: organic

materials (products of vegetable or animal origin), synthetic materials, and special materials (e.g., gravel); they can be

used in combination, based on the specific aims . Figure 4 shows the variety of mulches in relation to the material they

are made of. There are a great number of organic mulches, and these include agricultural and industrial wastes, as well

as living mulches. Synthetic mulches include several types of plastic films (Figure 4), even biodegradable and

photodegradable ones , as well as spray-degradable polymer films (Figure 4), which are very versatile and easy to

apply in the field.
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Figure 4. Mulches divided into classes of materials. Modified and adapted from Kader et al. . PF: plastic film.

The choice of mulching material depends on several intersecting factors such as cost, availability, ease of application,

local climate, and agronomic needs of the main crop . The color of the plastic films, for example, affects solar

radiation transmittance and thus soil temperature , but also influences other aspects, such as the attraction of specific

insects and the control of pathogens . The climatic conditions of the cultivation area must also be considered when

choosing the mulching method . The large-scale production of plastic films and the high persistence of the latter in the

environment have raised alarms about a potential massive accumulation of pollutants in the environment .

Furthermore, the residues of plastic films left in the soil over time fragment and become smaller and smaller, to the point

of becoming microscopic, i.e., “microplastics” . Therefore, plastic films must be removed to prevent them from

becoming a threat to terrestrial and aquatic fauna when they enter the food chain . Plastic mulches can be recycled,

however; during mechanical recycling, the films go through several stages: washing, shredding, drying, and pelletizing .

Obviously, all these operations have a cost. According to Le Moine and Ferry , the environmental issues associated

with plastic mulching are aggravated by the fact that, over the years, the thickness of the films has decreased from 40 to

20 μm, then to 10 μm and even below. When they were thicker, these films were easier to recycle. Now that they are

thinner, they become dirtier and therefore more difficult to recycle.

2. Plastic Mulch Materials

2.1. Polymers and Plastics

A polymer, the term for which derives from the Greek words πολυ- (poly) and μέρος (meros), literally meaning “having

many parts”, is a substance composed of macromolecules. Polymers are present in nature, since they make up tissues of

living organisms or perform important biochemical functions (e.g., cellulose and proteins), and some of these have

important technological applications . There are also polymers of partial natural origin that are synthesized from living

tissues and chemically modified into “half-synthetic polymers”. Totally synthetic polymers, synthesized from low-molecular

components, i.e., organic monomers , are mostly produced from fossil fuels such as oil and gas. Plastics are polymers

that can be grouped into bioplastics and conventional plastics. The word “bioplastic”, however, can cause confusion, due

to the meaning that everyone can attribute to the prefix “bio”. In fact, according to European Bioplastics , a plastic

material is defined as a bioplastic (BP) if it is either bio-based (i.e., wholly or partially derived from biomass),

biodegradable, or features both properties (Figure 5). Thus, contrary to common sense, some petroleum-based plastics

can also be classified as bioplastics, provided they are biodegradable (Figure 5).

Figure 5. Classification of plastics according to origin and biodegradability.

2.1.1. Conventional Petroleum-Based Plastics (CPs)

Conventional petroleum-based plastics (also called fossil-based plastics) are artificial organic polymers, obtained from

natural gas or oil, and utilized in contemporary society in every aspect of daily life . One of the products of crude oil

distillation is naphtha, which in turn can be transformed into various hydrocarbons by thermal cracking and fractionation.

The thermal cracking of saturated hydrocarbons produces unsaturated hydrocarbons, which are molecules suitable for

use as monomers in polymerization reactions . Around 4% of global oil and gas extracted is employed as raw material

for plastics production, and a similar amount is used as energy in the process . Among the environmental impacts

caused by plastics production, greenhouse gas (GHG) emissions are of central importance. It suffices to know that

plastics caused 4.5% of global greenhouse gas emissions in 2015; moreover, 6% of global coal electricity is used for

plastics production . The most-used CPs in agriculture are: polyethylene (PE), polypropylene (PP), ethylene-vinyl

acetate (EVA), polyvinyl chloride (PVC), polycarbonate (PC), and polymethylmethacrylate (PMMA) (Table 1). Some of

these materials are suitable as greenhouse covers (PC and PMMA) (Table 1). PVC is used to produce irrigation pipes

due to its mechanical and chemical resistance. One of the most-used polymers for the covering of small tunnels is EVA,

due to its transparency and thermal insulation effect . PP is used to produce pipes, nets, sheets, twines  (Table 1)

and, as a valid alternative to PE, mulches. Compared to those made of PE, PP mulches have a lower impact resistance,
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but a higher service temperature and a greater tensile strength. PP is also more durable than PE; therefore, it is more

suitable in perennial systems where mulch remains or is reused for several years . However, the most common CP

mulches are those made of PE and, more precisely, those made of low-density PE (LDPE). LDPE and high-density PE

(HDPE) have the same composition, both being made up of C H , but they differ in structure. In fact, HDPE has a linear

structure and no or a low degree of branching, while LDPE has a higher degree of short and long side-chain branching

.

Table 1. Characteristics and purposes of the most-used petroleum-based plastics in agriculture. Adapted and modified

from Scarascia-Mugnozza et al. . LDPE: low density polyethylene; HDPE: high density polyethylene; PP:

polypropylene; EVA: ethylene vinyl acetate; PVC: polyvinyl chloride; PC: polycarbonate; PMMA: polymethylmethacrylate.

Property/Purpose
Material

LDPE HDPE PP EVA PVC PC PMMA

Chemical formula (C H ) (C H ) (C H ) (C H O ) (CH CHCI) (C H O ) (C H O )

Monomer molar mass (g
mol ) 28.05 42.08 114.14 62.50 254.28 100.12

Density ρ (kg m ) (ISO
1183)

910 ≤ ρ
≤ 925

940 ≤ ρ
≤ 965

850 ≤ ρ ≤
900 926 ≤ ρ ≤ 950 1370 ≤ ρ ≤

1430
1200 ≤ ρ ≤

1220
1170 ≤ ρ ≤

1200

Fertilizer bags ✓ ✓      

Greenhouse coverings ✓   ✓ ✓ ✓ ✓

Irrigation and drainage ✓ ✓ ✓  ✓   

Low tunnel films ✓   ✓ ✓   

Mulching films ✓  ✓     

Nets for collecting  ✓ ✓     

Nonwoven/floating
covers ✓  ✓     

Other (rigid sheets, pots,
twine, etc.) ✓ ✓ ✓  ✓  ✓

Silage films and
protective covering ✓       

Vineyard and orchard
coverings ✓   ✓    

Woven nets (hail, wind,
bird, shade)  ✓      

Plastics usually contain more than one added component. If the added material is another polymer, then it is a polymer

blend. There are many additives and fillers that can be compounded into the polymers for various purposes . Non-ionic

surfactants (esters of fatty acids and glycerine or sorbitan) are used as anti-fogging additives in the antifog films in order

to allow condensation to spread into a continuous and uniform transparent water layer on the surface of films. This results

in improved light transmission and transparency. Photoselective antipest films opaque to ultraviolet light are obtained with

UV-absorbing additives. To improve the IR opacity of LDPE films, fillers or additives are used, especially of mineral type,

such as silicates, carbonates, sulfates, and hydroxides, etc. . Pigments can be used as additives in the production of

plastic mulches to make them colored or black . Additives can aggravate environmental problems related to plastics. In

this regard, the case of phthalates (PAEs) in China is noteworthy. PAEs are broadly added to plastics in order to enhance

their plasticity and versatility. Given that they are not chemically bound to the polymeric chains, PAEs can easily migrate

from products and be released as xenobiotic and hazardous compounds into the environment . It is an established fact

that the application of plastic mulches is one of the major sources of PAEs in China’s soils .

2.1.2. Bioplastics (BPs)

The world production of bio-based polymers amounted to 3.5 Mt in 2018 , 3.8 Mt in 2019, and 4.2 Mt in 2020 . A

constant growth is therefore observed; however, these values represent roughly 1% of the annual world production of

fossil-based polymers. Based on the observed growth trend, the quantity of bio-based polymers produced in 2025 is

expected to be 6.7 Mt . In 2020, a small fraction (0.038%) of the biomass produced in the world was demanded for bio-
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based polymers production. This fraction amounts to about 4.8 Mt and is divided as follows: 37% are made of glycerol,

24% of starch, 16% of sugars, 12% of non-edible plant oil, 9% of cellulose, and 2% of edible plant oil (Figure 6) . The

percentage of agricultural land used in the production of biomass destined for bio-based polymers is 0.006% , a

percentage that is six times lower than the above-mentioned 0.038% relative to the share of biomass. This disproportion

has two explanations. On the one hand, more than a third of the feedstocks (37%) is represented by glycerol (Figure 6),

which is a by-product of biodiesel production and is therefore obtained without land use . On the other hand, starch and

sugars, which represent, respectively, 24% and 16% of the total feedstocks (Figure 6), come from high yielding crops .

However, from the 4.8 Mt of feedstocks, only 1.9 Mt of bio-based components are obtained, while the rest (2.9 Mt) are

made up of losses of feedstock and intermediate products, together with waste products (Figure 6) . From 1.9 Mt of

biobased components 4.0 Mt of bio-based structural polymers (completely or partially bio-based) were obtained in 2020

(Figure 6) .

Figure 6. Diagram of the relationships between the biomass to produce bio-based polymers and bio-based structural

polymers produced worldwide in 2020. Modified and adapted from Carus . CA: cellulose acetate; PA: polyamide; PE:

polyethylene; PET: polyethylene terephthalate; PLA: polylactic acid.

As seen above, an important part of bio-based plastics derives from agricultural raw materials, which compete with food

production for arable land, water, and other resources . Furthermore, bio-based plastics can have a certain

environmental impact. In fact, their production cause acidification and eutrophication, as their raw materials are obtained

using inputs such as pesticides, herbicides, and fertilizers .

Below is an overview of the most common BPs employable as feedstocks to produce mulches.

Starch is a plant reserve carbohydrate, synthesized from glucose, which in turn is produced through photosynthesis from

carbon dioxide and water. For this reason, it is a biodegradable, renewable, and inexpensive raw material. However,

starch has poor physical properties, since it is a hydrophilic substance that dissolves in water and becomes brittle when it

is dried. It is therefore necessary to mix or change the composition of the starch before it can be used as a biodegradable

mulching material . There are mulching films based on starch mixed with biodegradable polyesters to improve their

mechanical characteristics, while maintaining their biodegradability.

Along with starch, aliphatic polyesters are the most widely used bio-based feedstocks to produce biodegradable plastic

mulches. The aliphatic polyesters are polymers suitable for use as biodegradable plastics, thanks to the ease with which

they are degraded by lipolytic enzymes and microorganisms .

Polyhydroxyalkanoates (PHAs) are a family of biological polyesters consisting of 3-hydroxyalkanoic acids (HA) as

monomer units. PHAs have been studied as possible substitutes for CPs, since they can be synthesized and degraded by

living organisms . The properties of PHAs depend on the composition of their monomers. There are, in fact, short-chain

HA (3–5 carbon atoms), medium-chain HA (6–14 carbon atoms), and long-chain HA (more than 14 carbon atoms) .

Moreover, PHAs can be homopolymers (i.e., consisting of the repetition of the same monomer) or heteropolymers (i.e.,

consisting of different monomers). Finally, with respect to their origin, it is possible to distinguish natural PHAs, semi-

synthetic PHAs and synthetic PHAs . PHAs are synthesized by Gram-positive and, especially, Gram-negative bacteria

. However, the production of PHA by microorganisms in bioreactors poses technical problems that limit its economic

convenience. On the other hand, the biosynthesis carried out by transgenic plants, which only need water, mineral salts,

CO  and light, makes the production of PHAs more economical and respectful of the environment. Furthermore, plants,

unlike bacteria, do not degrade PHAs . Despite that more than 150 types of PHA have been obtained , there are few
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mulching films based solely on PHAs on the market, probably due to the high costs of production and poor mechanical

properties . Fortunately, one of the valuable characteristics of PHAs is their compatibility with other polymers

(especially polylactic acid), with which they can form the so-called polymer alloys .

Polylactic acid (PLA) is another bio-based and biodegradable polymer used in agriculture. The molecular brick of which

PLA is made is lactic acid (LA), a hydroxy acid that exists in both the dextrorotatory and levorotatory forms. The main

feeds of LA-producing bacteria are glucose and maltose from wheat, potatoes, sugar-beets, corn, and sugarcane

molasses . The production of PLA passes through some stages that can be summarized as follows: obtaining LA by

lactic fermentation or by chemical synthesis, LA transformation into lactide monomers, and polymerization of lactide

monomers . PLA possesses good mechanical strength and, compared to other biopolymers, it is less expensive and

available in larger quantities. However, it has characteristics that make it unsuitable for mulch on its own . In fact, the

glass transition temperature (~60 °C) of PLA makes it not easily accessible to microorganisms under normal conditions of

use . Additionally, PLA is quite hard, resulting in embrittlement and poor thermostability . Fortunately, PLA is

compatible with other polymers, such as PHAs. The blend of PLA and PHAs creates a synergistic effect, due to the

complementarity of their respective characteristics . Biodegradability of PHA/PLA mulches prepared using both

spunbound and meltblown processing have been evaluated . The results indicate that spunbond mulches

biodegrade more slowly than meltblown ones, suggesting that the former are more suitable for making longer-lasting

products, such as row covers and landscape fabrics .

There is also bio-based PE, obtained through the polymerization of ethylene produced with the catalytic dehydration of

bioethanol , but unfortunately it is not biodegradable .

The most common fossil-based polymers used to make biodegradable plastic mulch are poly(butylene-adipate-co-
terephthalate) (PBAT), poly(ε-caprolactone) (PCL), and poly (butylene succinate) (PBS) . PCL and PBS are

aliphatic polyesters (such as PHAs and PLA ); the former has a relatively low melting point (60 °C) and is often mixed

with starch to increase biodegradability, while the latter has physicochemical properties like polypropylene’s . PBAT has

a high elasticity and mechanical strength, as well as resistance to water and oil . Its biodegradability in soil has been

demonstrated using C-labeled PBAT, which made it possible to distinguish the CO  produced by the mineralization of

the soil organic matter from that resulting from the degradation of the polymer. It was also possible to recognize the C in

the microbial biomass of the soil .

Protein-based mulching films combine biodegradability with N content, which increases their agronomic value; another

advantage is the fact that they can be blended with other polymers . They can be of animal origin, such as the mulching

sprays obtained from protein hydrolysates, derived from waste products of the leather industry , or can be derived from

the proteins that make up the body of scavenger insect larvae, which live on decaying organic matter . Both products

would fall within the scope of the circular economy. The protein-based films can also be of plant origin; for example, the

secondary product resulting from the extraction of oil from soy is a protein-rich flour that can be used as a raw material to

produce such films . Unfortunately, soy protein-based films are brittle and water sensitive and therefore require

plasticizers, such as glycerol and graphene, to improve their mechanical properties . Zein is a hydrophobic, alcohol-

soluble protein isolated from corn. It is a thermoplastic material very suitable for film production and can be used to make

food packaging . Zein-based mulching films have been evaluated as a possible economic and environmentally friendly

alternative to polyethylene mulching, with reference to soil water losses by evaporation on greenhouse-grown tomatoes

.

Paper mulches were included here, although cellulose is not a bioplastic, to complete the framework of mulches that are

bio-based and/or biodegradable. The main raw material of paper mulches is vegetable fibers, but research on traditional

paper mulches currently focuses on reinforcing agents that can affect mulch performance . The conventional

papermaking process results in mulches with insufficient mechanical properties to meet application requirements in the

field. It is true that the performance of paper mulch can be improved by chemical additives, but it is equally true that the

latter increase the cost of the product up to making it applicable only to highly profitable crops. Furthermore, such

substances can have a negative environmental impact . The performance of traditional paper mulch can be improved

through solution impregnation, with which composite coated paper is obtained. Research on paper mulches has also

extended to paper production processes, such as the non-woven technology papermaking process, which uses mineral

fibers, plant fibers, and chemical fibers as raw materials . Paper mulches are much more biodegradable than plastic

ones, but this virtue must be accompanied by lower costs and improved performances if the paper is to spread as mulch

in different environmental conditions.

[52]

[53]

[54]

[55]

[56]

[56] [56]

[53]

[57][58]

[57][58]

[59] [43]

[60]

[61]

[60]

[60]

13
2

13

[62]

[63]

[64]

[65]

[66]

[66][67]

[68]

[69]

[5]

[5]

[5]



References

1. Oxford University Press Oxford English Dictionary Online. Available online: https://www.oed.com (accessed on 2 Augus
t 2022).

2. Harper, D. Online Etymology Dictionary. Available online: https://www.etymonline.com/ (accessed on 2 August 2022).

3. Lightfoot, D.R. The Nature, History, and Distribution of Lithic Mulch Agriculture: An Ancient Technique of Dryland Agricul
ture. Agric. Hist. Rev. 1996, 44, 206–222.

4. McCalla, T.M.; Army, T.J. Stubble Mulch Farming. Adv. Agron. 1961, 13, 125–196.

5. Li, A.; Zhang, J.; Ren, S.; Zhang, Y.; Zhang, F. Research Progress on Preparation and Field Application of Paper Mulc
h. Environ. Technol. Innov. 2021, 24, 101949.

6. Bartholomew, D.P.; Hawkins, R.A.; Lopez, J.A. Hawaii Pineapple: The Rise and Fall of an Industry. HortScience 2012,
47, 1390–1398.

7. Jensen, M.H.; Malter, A.J. Protected Agriculture: A Global Review; The World Bank: Washington, DC, USA, 1995; ISBN
0821329308.

8. Jouet, J.-P. Plastics in the World. Plasticulture 2001, 120, 108–126.

9. Jouet, J.-P. The Situation of Plasticulture in the World. Plasticulture 2004, 123, 48–57.

10. Castellón Petrovich, H.F. Situación de La Plasticultura Mundial y El XXI Congreso CIPA. 2022. Available online: https://
www.researchgate.net/publication/360264665 (accessed on 7 September 2022).

11. An, L.; Liu, Q.; Deng, Y.; Wu, W.; Gao, Y.; Ling, W. Sources of Microplastic in the Environment. In Microplastics in Terre
strial Environments. The Handbook of Environmental Chemistry; He, D., Luo, Y., Eds.; Springer: Cham, Switzerland, 20
20; Volume 95, pp. 143–159.

12. Jansen, L.; Henskens, M.; Hiemstra, F. Report on Use of Plastics in Agriculture; Schuttelaar & Partners: Wageningen, T
he Netherlands, 2019.

13. APE Europe Agriculture Plastics Environment (APE) Europe. Available online: https://apeeurope.eu/statistics (accessed
on 31 July 2022).

14. Chalker-Scott, L. Impact of Mulches on Landscape Plants and the Environment. J. Environ. Hortic. 2007, 25, 239–249.

15. Lamont, W.J., Jr. Plastic Mulches for the Production of Vegetable Crops. In A Guide to the Manufacture, Performance,
and Potential of Plastics in Agriculture; Orzolek, M.D., Ed.; Elsevier: Amsterdam, The Netherlands, 2017; Chapter 3, p
p. 45–60.

16. Steinmetz, Z.; Wollmann, C.; Schaefer, M.; Buchmann, C.; David, J.; Tröger, J.; Muñoz, K.; Frör, O.; Schaumann, G.E.
Plastic Mulching in Agriculture. Trading Short-Term Agronomic Benefits for Long-Term Soil Degradation? Sci. Total Envi
ron. 2016, 550, 690–705.

17. Mauro, R.P.; Anastasi, U.; Lombardo, S.; Pandino, G.; Pesce, R.; Restuccia, A.; Mauromicale, G. Cover Crops for Man
aging Weeds, Soil Chemical Fertility and Nutritional Status of Organically Grown Orange Orchard in Sicily. Ital. J. Agro
n. 2015, 10, 101–104.

18. Scavo, A.; Fontanazza, S.; Restuccia, A.; Pesce, G.R.; Abbate, C.; Mauromicale, G. The Role of Cover Crops in Improv
ing Soil Fertility and Plant Nutritional Status in Temperate Climates. A Review. Agron. Sustain. Dev. 2022, 42, 93.

19. Restuccia, A.; Scavo, A.; Lombardo, S.; Pandino, G.; Fontanazza, S.; Anastasi, U.; Abbate, C.; Mauromicale, G. Long-T
erm Effect of Cover Crops on Species Abundance and Diversity of Weed Flora. Plants 2020, 9, 1506.

20. Scavo, A.; Restuccia, A.; Abbate, C.; Lombardo, S.; Fontanazza, S.; Pandino, G.; Anastasi, U.; Mauromicale, G. Trifoliu
m Subterraneum Cover Cropping Enhances Soil Fertility and Weed Seedbank Dynamics in a Mediterranean Apricot Or
chard. Agron. Sustain. Dev. 2021, 41, 70.

21. Kader, M.A.; Senge, M.; Mojid, M.A.; Ito, K. Recent Advances in Mulching Materials and Methods for Modifying Soil En
vironment. Soil Tillage Res. 2017, 168, 155–166.

22. Kyrikou, I.; Briassoulis, D. Biodegradation of Agricultural Plastic Films: A Critical Review. J. Polym. Environ. 2007, 15, 1
25–150.

23. Mendonça, S.R.; Ávila, M.C.R.; Vital, R.G.; Evangelista, Z.R.; Pontes, N.d.C.; Nascimento, A.d.R. The Effect of Differen
t Mulching on Tomato Development and Yield. Sci. Hortic. 2021, 275, 109657.

24. Wang, H.; Wang, C.; Zhao, X.; Wang, F. Mulching Increases Water-Use Efficiency of Peach Production on the Rainfed
Semiarid Loess Plateau of China. Agric. Water Manag. 2015, 154, 20–28.

25. Tarara, J.M. Microclimate Modification with Plastic Mulch. HortScience 2000, 35, 169–180.



26. Thompson, R.C.; Olson, Y.; Mitchell, R.P.; Davis, A.; Rowland, S.J.; John, A.W.G.; McGonigle, D.; Russell, A.E. Lost at
Sea: Where Is All the Plastic? Science 2004, 304, 838.

27. Horodytska, O.; Valdés, F.J.; Fullana, A. Plastic Flexible Films Waste Management—A State of Art Review. Waste Man
agement 2018, 77, 413–425.

28. Le Moine, B.; Ferry, X. Plasticulture: Economy of Resources. Acta Hortic. 2020, 1271, 481–486.

29. Kulkarni, V.; Butte, K.; Rathod, S. Natural Polymers—A Comprehensive Review. Int. J. Pharm. Biomed. Res. 2012, 3, 1
597–1613.

30. van der Vegt, A.K. From Polymers to Plastics; VSSD: Delft, The Netherlands, 2006; ISBN 9789071301629.

31. European Bioplastics European Bioplastics. Available online: https://www.european-bioplastics.org/bioplastics/ (access
ed on 31 July 2022).

32. Suman, T.Y.; Li, W.G.; Alif, S.; Faris, V.R.P.; Amarnath, D.J.; Ma, J.G.; Pei, D.S. Characterization of Petroleum-Based Pl
astics and Their Absorbed Trace Metals from the Sediments of the Marina Beach in Chennai, India. Environ. Sci. Eur. 2
020, 32, 110.

33. Andrady, A.L.; Neal, M.A. Applications and Societal Benefits of Plastics. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2009,
364, 1977–1984.

34. British Plastics Federation British Plastics Federation. Available online: https://www.bpf.co.uk/press/Oil_Consumption (a
ccessed on 10 August 2022).

35. Cabernard, L.; Pfister, S.; Oberschelp, C.; Hellweg, S. Growing Environmental Footprint of Plastics Driven by Coal Com
bustion. Nat. Sustain. 2022, 5, 139–148.

36. Espí, E.; Salmerón, A.; Fontecha, A.; García, Y.; Real, A.I. Plastic Films for Agricultural Applications. J. Plast. Film Shee
ting 2006, 22, 85–102.

37. Scarascia-Mugnozza, G.; Sica, C.; Russo, G. Plastic Materials in European Agriculture: Actual Use and Perspectives.
J. Agric. Eng. 2012, 42, 15.

38. Zhang, H.; Miles, C.; Gerdeman, B.; LaHue, D.G.; DeVetter, L. Plastic Mulch Use in Perennial Fruit Cropping Systems
—A Review. Sci. Hortic. 2021, 281, 109975.

39. Omnexus Comprehensive Guide on Polyethylene (PE). Available online: https://omnexus.specialchem.com/selection-g
uide/polyethylene-plastic (accessed on 15 August 2022).

40. Lü, H.; Mo, C.H.; Zhao, H.M.; Xiang, L.; Katsoyiannis, A.; Li, Y.W.; Cai, Q.Y.; Wong, M.H. Soil Contamination and Sourc
es of Phthalates and Its Health Risk in China: A Review. Environ. Res. 2018, 164, 417–429.

41. Carus, M. Bio-Based Building Blocks and Polymers—Global Capacities, Production, and Applications–Status Quo and
Trends 2018–2023; Nova-Institute for Ecology and Innovation: Hürth, Germany, 2019; pp. 1–16.

42. Carus, M. Bio-Based Building Blocks and Polymers—Global Capacities, Production and Trends 2020–2025; Nova-Instit
ute for Ecology and Innovation: Hürth, Germany, 2021; pp. 1–16.

43. Karan, H.; Funk, C.; Grabert, M.; Oey, M.; Hankamer, B. Green Bioplastics as Part of a Circular Bioeconomy. Trends Pl
ant Sci. 2019, 24, 237–249.

44. Gironi, F.; Piemonte, V. Bioplastics and Petroleum-Based Plastics: Strengths and Weaknesses. Energy Sources A Rec
overy Util. Environ. Eff. 2011, 33, 1949–1959.

45. Bastioli, C. Properties and Applications of Mater-Bi Starch-Based Materials. Polym. Degrad. Stab. 1998, 59, 263–272.

46. Tokiwa, Y.; Calabia, B.P.; Ugwu, C.U.; Aiba, S. Biodegradability of Plastics. Int. J. Mol. Sci. 2009, 10, 3722–3742.

47. Sudesh, K.; Abe, H.; Doi, Y. Synthesis, Structure and Properties of Polyhydroxyalkanoates: Biological Polyesters. Prog.
Polym. Sci. 2000, 25, 1503–1555.

48. Lu, J.; Tappel, R.C.; Nomura, C.T. Mini-Review: Biosynthesis of Poly(Hydroxyalkanoates). Polym. Rev. 2009, 49, 226–2
48.

49. Olivera, E.R.; Arcos, M.; Naharro, G.; Luengo, J.M. Unusual PHA Biosynthesis. In Plastics from Bacteria; Chen, G.Q.,
Ed.; Springer: Berlin, Germany, 2010; pp. 133–186.

50. Dobrogojski, J.; Spychalski, M.; Luciński, R.; Borek, S. Transgenic Plants as a Source of Polyhydroxyalkanoates. Acta
Physiol. Plant 2018, 40, 1–17.

51. Gao, Q.; Yang, H.; Wang, C.; Xie, X.Y.; Liu, K.X.; Lin, Y.; Han, S.Y.; Zhu, M.; Neureiter, M.; Lin, Y.; et al. Advances and
Trends in Microbial Production of Polyhydroxyalkanoates and Their Building Blocks. Front. Bioeng. Biotechnol. 2022, 1
0, 1–10.



52. Amelia, T.S.M.; Govindasamy, S.; Tamothran, A.M.; Vigneswari, S.; Bhubalan, K. Applications of PHA in Agriculture. In
Biotechnological Applications of Polyhydroxyalkanoates; Kalia, V., Ed.; Springer: Singapore, 2019; pp. 347–361.

53. Noda, I.; Satkowski, M.M.; Dowrey, A.E.; Marcott, C. Polymer Alloys of Nodax Copolymers and Poly(Lactic Acid). Macro
mol. Biosci. 2004, 4, 269–275.

54. Balla, E.; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.; Koumentakou, I.; Bikia
ris, D.N. Poly(Lactic Acid): A Versatile Biobased Polymer for the Future with Multifunctional Properties -From Monomer
Synthesis, Polymerization Techniques and Molecular Weight Increase to PLA Applications. Polymers 2021, 13, 1822.

55. Masutani, K.; Kimura, Y. PLA Synthesis. From the Monomer to the Polymer. In Poly(lactic acid) Science and Technolog
y: Processing, Properties, Additives and Applications; Jiménez, A., Peltzer, M., Ruseckaite, R., Eds.; The Royal Society
of Chemistry: London, UK, 2014; Chapter 1, pp. 1–36.

56. Hayes, D.G.; Dharmalingam, S.; Wadsworth, L.C.; Leonas, K.K.; Miles, C.; Inglis, D. Biodegradable Agricultural Mulche
s Derived from Biopolymers. In Degradable Polymers and Materials: Principles and Practice; Khemani, K., Scholz, C.,
Eds.; American Chemical Society: Washington, DC, USA, 2012; Chapter 13, 201–223.

57. Dharmalingam, S.; Hayes, D.G.; Wadsworth, L.C.; Dunlap, R.N.; DeBruyn, J.M.; Lee, J.; Wszelaki, A.L. Soil Degradatio
n of Polylactic Acid/Polyhydroxyalkanoate-Based Nonwoven Mulches. J. Polym. Environ. 2015, 23, 302–315.

58. Hablot, E.; Dharmalingam, S.; Hayes, D.G.; Wadsworth, L.C.; Blazy, C.; Narayan, R. Effect of Simulated Weathering on
Physicochemical Properties and Inherent Biodegradation of PLA/PHA Nonwoven Mulches. J. Polym. Environ. 2014, 2
2, 417–429.

59. Fan, D.; Dai, D.J.; Wu, H.S. Ethylene Formation by Catalytic Dehydration of Ethanol with Industrial Considerations. Mat
erials 2013, 6, 101–115.

60. Miles, C.; DeVetter, L.; Ghimire, S.; Hayes, D.G. Suitability of Biodegradable Plastic Mulches for Organic and Sustainab
le Agricultural Production Systems. HortScience 2017, 52, 10–15.

61. Kasirajan, S.; Ngouajio, M. Polyethylene and Biodegradable Mulches for Agricultural Applications: A Review. Agron. Su
stain. Dev. 2012, 32, 501–529.

62. Zumstein, M.T.; Schintlmeister, A.; Nelson, T.F.; Baumgartner, R.; Woebken, D.; Wagner, M.; Kohler, H.P.E.; McNeill, K.;
Sander, M. Biodegradation of Synthetic Polymers in Soils: Tracking Carbon into CO2 and Microbial Biomass. Sci. Adv.
2018, 4, 7.

63. Chiellini, E.; Cinelli, P.; Corti, A.; Kenawy, E.R. Composite Films Based on Waste Gelatin: Thermal-Mechanical Properti
es and Biodegradation Testing. Polym. Degrad. Stab. 2001, 73, 549–555.

64. Sartore, L.; Vox, G.; Schettini, E. Preparation and Performance of Novel Biodegradable Polymeric Materials Based on
Hydrolyzed Proteins for Agricultural Application. J. Polym. Environ. 2013, 21, 718–725.

65. Setti, L.; Francia, E.; Pulvirenti, A.; De Leo, R.; Martinelli, S.; Maistrello, L.; MacAvei, L.I.; Montorsi, M.; Barbi, S.; Rong
a, D. Bioplastic Film from Black Soldier Fly Prepupae Proteins Used as Mulch: Preliminary Results. Agronomy 2020, 1
0, 933.

66. Guerrero, P.; Retegi, A.; Gabilondo, N.; De La Caba, K. Mechanical and Thermal Properties of Soy Protein Films Proce
ssed by Casting and Compression. J. Food Eng. 2010, 100, 145–151.

67. Han, Y.; Li, K.; Chen, H.; Li, J. Properties of Soy Protein Isolate Biopolymer Film Modified by Graphene. Polymers 201
7, 9, 312.

68. Ibarra, V.G.; Sendón, R.; De Quirós, A.R.B. Antimicrobial Food Packaging Based on Biodegradable Materials. In Antimi
crobial Food Packaging; Barros-Velázquez, J., Ed.; Academic Press: Cambridge, MA, USA, 2016; Chapter 29, pp. 363
–384.

69. Parris, N.; Douds, D.D.; Dickey, L.C.; Moreau, R.A.; Phillips, J. Effect of Zein Films on the Growth of Tomato Plants and
Evaporative Water Loss. HortScience 2004, 39, 1324–1326.

Retrieved from https://encyclopedia.pub/entry/history/show/90924


