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ABSTRACT 

Assessing the Emerging Environmental Concerns from Bio-originated Organic Pollutants in 

Cropping Systems 

 

Mengfan Cai, Ph.D.  

Concordia University, 2023 

 

Agriculture plays a significant role in achieving the goal of carbon neutrality and emission 

reduction through practices such as crop residue management. Crop residues can be utilized to 

produce biodegradable mulches (BMs), which can increase crop production and carbon 

sequestration potential. However, agricultural health and safety are facing new challenges, 

particularly concerning bio-originated organic pollutants in cropping systems, including biogenic 

volatile organic compounds (BVOCs) and biodegradable microplastics (BMPs). The main purpose 

of the research presented in this dissertation is to assess these emerging environmental concerns, 

including the appropriate assessment of BVOC emissions and the degradation and fragmentation 

of BMs. 

 

BVOC emissions were generally influenced by various factors, including temperature, drought, 

solar radiation, humidity, nutrient availability, carbon dioxide (CO2), ozone (O3), etc. Among these 

factors, growth length, air temperature, solar radiation, and leafage were found to be the most 

important variables affecting the spatial-temporal variations of methanol (MeOH) emissions from 

spring wheat during the growing period in a Canadian province. The seasonality of MeOH 

emissions was positively correlated with concentrations of carbon monoxide (CO), filterable 
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particulate matter (FPM), and coarse particulate matter (PM10), but negatively related to nitrogen 

dioxide (NO2) and O3. Compared with paper mulch, bioplastic mulch contributed a higher amount 

of aromatic structure-containing chemicals and carboxylic acids, to the water environment, but 

released fewer and smaller plastic particles. After entering the soil-water environment, the rough 

microstructure and oxygenated functional groups on BMP surfaces played a crucial role in the 

adsorption of aromatic compounds and heavy metals from soils. 

 

Scientometric analysis can provide researchers with an in-depth understanding of BVOC emission 

mechanisms, while also offering decision-makers insights into emission mitigation and 

environmental management. The newly developed BVOC assessment approach, designed to 

evaluate the biogenic MeOH emitted from crops during growing seasons, can help uncover the 

relationships between BVOC emissions and key influencing factors. The characterization and 

quantification of BMPs in cropping systems focused on examining the fragmentation and 

degradation of BMPs under UV irradiation using visual inspection and quantitative analysis. This 

dissertation offers scientific support for researching and further developing the impact of BVOC 

emissions and BMP generation on environmental management. 
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CHAPTER 1. INTRODUCTION 

1.1. Problem statement 

As per the Food and Agriculture Organization (FAO) of the United Nations (UN), the global 

agricultural land area is estimated to be around five billion hectares, constituting approximately 38 

percent of the Earth's total land surface (FAOSTAT, 2020). Roughly one-third of this land is 

designated for cropland, while the remaining two-thirds serve as meadows and pastures for grazing 

livestock. The world's burgeoning population has more than doubled between 1961 and 2016, 

resulting in an increased demand for food resources (FAOSTAT, 2020). Thus, the pressure on land 

resources has similarly intensified, necessitating the augmentation of crop production with finite 

resources.  

 

The Paris Agreement and UN Sustainable Development Goals (SDGs) are urging us to shift from 

fossil fuels to sustainable and renewable energy resources for the goal of carbon neutrality and 

emission reduction. Agriculture plays a significant role in achieving this goal and it can sequester 

carbon through practices such as soil carbon sequestration (SCS), crop residue management, and 

renewable energy generation. Agricultural carbon sequestration (ACS) refers to the process of 

capturing and storing carbon dioxide (CO2) from the atmosphere through the above agricultural 

practices. Bioenergy with carbon capture and storage (BECCS) related to agriculture combines 

carbon capture and storage (CCS) technologies with the use of biomass such as crops, agricultural 

residues, and bioenergy crops for energy production. It has the potential to achieve significant CO2 

removals from the atmosphere and results in negative net emissions through the natural 

photosynthesis process of the biomass used for energy production (Gaurav et al., 2017). Generally, 

bioenergy production primarily depends on CO2 capture and solar energy storage in energy crops, 
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followed by carbon storage in litterfalls, residues, and soils (Monforti et al., 2015). Agricultural 

practices, such as crop residue management, enhance crop production and SCS. For example, 

retaining crop residues (e.g., stalks, stubble) on the soil surface instead of burning or removing 

them allows for the slow release of carbon back into the soil. Crop residues, such as straw, hay, or 

corn stalks, can be utilized to produce biodegradable mulches (BMs) which are used to improve 

soil structure and increase carbon sequestration potential. By increasing carbon storage in soils, 

vegetation, and agricultural biomass, agriculture can help mitigate climate warming and contribute 

to carbon neutrality by offsetting the emissions of greenhouse gases (GHGs) from other sectors. 

However, agricultural health and safety are facing some new challenges, especially bio-originated 

organic pollutants in cropping systems, including biogenic volatile organic compounds (BVOCs) 

and biodegradable microplastics (BMPs).  

 

BVOCs, as a proportion of carbon loss that is released back to the atmosphere during processes 

such as photosynthesis, respiration, and biomass burning, have caused controversy over the role 

of bioenergy in climate warming mitigation (Favero et al., 2020). Besides GHGs, these volatiles 

should be considered in climate research due to their high reactivity and large bio-sources (Covey 

et al., 2021). Methanol (MeOH, CH3OH) is typically the second-most plentiful volatile organic 

compound (VOC), after methane (CH4), in the remote troposphere. Due to its plenitude and long 

lifetime compared to other VOCs, MeOH has an important impact on air quality, human health, 

and climate change (Caravan et al., 2018; Mozaffar, 2017). Biogenic MeOH emission from plants 

is a primary source of ambient MeOH (accounting for 80%–89%) and it generally exceeds 

emissions of all other VOCs except terpenoids measured above a variety of different ecosystems 

(Harley et al., 2007; Heikes et al., 2002). However, most previous studies have not distinguished 
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the individual contribution of plants or soil microbes to the BVOC emissions of an ecosystem. The 

effects of anthropogenic activities and soil processes have barely been quantified when modeling 

ecosystem-BVOC emissions. Furthermore, previous estimates have focused primarily on MeOH 

emissions from forests and grasses. Croplands cover a significant proportion of the Earth’s surface 

and, although they are negligible isoprene emitters, they may be a significant source of MeOH 

(Custer and Schade, 2007). To date, though, no specific emission model for crop MeOH spanning 

the different developmental stages has been proposed, which will promote the assessment of 

MeOH emission to encompass this scope (Bachy et al., 2016; Guenther et al., 2012; Stavrakou et 

al., 2011). Understanding their emissions could help better achieve SDG13 which is to “take urgent 

action to combat climate change and its impact”. 

 

BMPs, as one of the bio-originated organic pollutants, have potential environmental concerns in 

ACS and BECCS systems. The application of BMs in cropping systems can increase crop 

production and carbon sequestration potential. After exposure to the soil, the fragmentation of BMs 

caused by abiotic and biotic processes will elevate the mobility of BMPs in the soil, aquatic 

environment, and atmosphere (Cai et al., 2017; 2019b; Wang et al., 2021c). BMPs can be the 

carbon addition to agricultural soils, which will change the composition of soil-dissolved organic 

matter (DOM), such as aromatic functional groups (Feng et al., 2020). BMPs have a stronger 

affinity to soil pollutants, such as organic pollutants and heavy metals; thus, BMPs may have a 

greater negative impact than non-BMPs in certain conditions (Qin et al., 2021). Although there are 

scarce studies on the ecotoxicity of BMPs on terrestrial organisms, we can speculate their hazards 

to crops, animals, and humans considering the transfer of BMPs via the terrestrial food web in the 

agroecosystem. Notably, the effects of BMPs on soil microbiological and physicochemical 
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properties are controlled by polymer type, size, dose, and shape (Wang et al., 2022a). Therefore, it 

is necessary to explore the degradation and fragmentation of BMs after the use of mulching in 

future studies.  

 

1.2. Research objectives 

Bio-originated organic pollutants, such as BVOCs and BMPs, pose potential environmental 

concerns in cropping systems. Conducting an appropriate assessment of BVOC emissions and 

exploring the degradation and fragmentation of BMs are prerequisites for investigating the impact 

of BVOC emissions and BMP generation on environmental management. Three objectives are 

expected to be addressed: 

• Scientometric analysis of BVOCs emitted from terrestrial systems – This study analyzed the 

overall structure and characterizations of the intellectual landscape in the research field of 

BVOC emissions using scientometric analysis tools. It aims to grasp the features and emerging 

trends in existing research, identify consensus on salient topics and anticipate future research 

directions. The insights gained from these findings can provide a systematic and 

comprehensive review of the emissions and drivers of BVOCs and their contributions to air 

pollutants and GHGs, aiding in the achievement of sustainable environmental management 

for human-dominated terrestrial ecosystems. 

• Assessment of biogenic MeOH emitted from crops – This study seeks to fill these gaps by 

modeling, for the first time, MeOH emissions from spring wheat in its various developmental 

stages. Moreover, it seeks to provide an updated method for assessing MeOH emissions from 

spring wheat or other crops using limited weather data. The study seeks to uncover the 
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relationships between MeOH emissions and major influencing factors. The results obtained 

can be utilized to enhance the adaptation and mitigation strategies for agricultural systems.  

• Characterization and quantification of the BMPs in cropping systems – This study aims to 

examine the effects of weathering on BMs under abiotic conditions, particularly UV 

irradiation. It seeks to investigate the physicochemical changes of weathered BMPs, the 

particle distributions of micro- and nano-plastics, and the chemical characteristics of BMP 

leachate released into the soil-water environment. The findings can contribute to the 

management of environmental risks and aid in determining appropriate disposal strategies 

following the use of mulching in cropping systems. 

 

1.3. Thesis outline 

This dissertation contains six chapters:  

• Chapter 1 is a general introduction providing the background information relevant to this 

dissertation. 

• Chapter 2 is a comprehensive literature review, providing a comprehensive understanding and 

the latest developments of BVOCs and BMPs, as well as the current research limitations. It 

includes emission sources of BVOCs, estimation methods of BVOC emissions, uncertainties 

in the response of BVOC emissions to influencing factors, and emerging microplastic (MP) 

and nanoplastic (NP) pollution from mulching films applied in cropping systems.  

• Chapter 3 conducts a scientometric analysis of 2,762 journal papers related to BVOC 

emissions from the Web of Science Core Collection (WoSCC) between 1991 and 2020 using 

CiteSpace and Carrot2. It highlights three main knowledge domains in the field of BVOC 

emissions, namely BVOC emissions and drivers, BVOCs and their oxidation products in 
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biosphere-atmosphere exchange, and soil BVOCs in plant-microbe interactions. Additionally, 

it suggests that incorporating BVOC emissions and their relationships with pollutants, 

biomass, and energy into environmental management and decision-making shows promise as 

a future direction. 

• Chapter 4 proposes an emission model to assess the temporal and spatial variations of MeOH 

emissions of spring wheat during the growing period in a Canadian province. It highlights that 

growth length, air temperature, solar radiation, and leaf age are the most important factors 

influencing MeOH emissions. Additionally, it mentions that the seasonality of MeOH 

emissions is positively correlated with concentrations of carbon monoxide (CO), filterable 

particulate matter (FPM), and coarse particulate matter (PM10), but negatively related to 

nitrogen dioxide (NO2) and ozone (O3). 

• Chapter 5 demonstrates the physicochemical characteristics of weathered BMPs and their 

derived leachate through particle size analysis and spectral analysis. It compares the 

differences between paper mulch and bioplastic mulch in terms of the chemicals released into 

the water environment and the size of plastic particles. The spectral mapping results reveal the 

spatial distributions of metal elements and functional groups on the surface of BMPs, 

indicating that ultraviolet (UV) radiation promotes the adsorption of aromatic compounds and 

heavy metals from soils onto BMPs. 

• Chapter 6 summarizes the overall conclusions and major findings of the dissertation. It 

highlights the main contributions and significance of the research and provides 

recommendations for future research directions. 
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CHAPTER 2. LITERATURE REVIEW 

2.1. Emission sources of BVOCs 

2.1.1. Extension of the definition of BVOCs 

BVOCs can be classified into plant BVOCs (PBVOCs) and soil BVOCs (SBVOCs) according to 

their producers, i.e., living organisms in terrestrial ecosystems (particularly vegetation and soil 

microbes). PBVOCs, predominantly isoprene (C₅H₈), monoterpenes (MTs, C10H16), and 

sesquiterpenes (SQTs, C15H24), are generally produced as a defence mechanism against oxidative 

and thermal stresses or as a communication mechanism for above-ground plants or below-ground 

microbial organisms (Loreto and Schnitzler, 2010; Maki et al., 2019). SBVOCs, meanwhile, 

primarily consisting of MTs and biogenic oxygenated VOCs (BOVOCs). Soils could produce and 

emit BVOCs through various soil processes, e.g., microbial decomposition of litter and soil organic 

matter (SOM), stored-BVOCs evaporation from litterfall and soil, living root emission, as well as 

other physicochemical processes, and they could also work as a sink of BVOCs through dry and 

wet deposition or biotic and abiotic uptake (Maki et al., 2019; Penuelas et al., 2014). Notably, soils 

are the principal habitat of the soil microbes (i.e., bacteria, actinomycetes, fungi, protozoa, and 

nematodes) that emit microbial VOCs (MVOCs), and they also contain large amounts of shedding 

vegetation and living roots that emit PBVOCs (Tang et al., 2019a). As such, SBVOCs are a non-

negligible source of BVOC emissions from terrestrial ecosystems.  

 

The schematic diagram of the interactions of BVOCs with subsequent derivatives in terrestrial 

ecosystems is shown in Figure 2.1. These BVOCs participate in many atmospheric reactions as 

the precursors to CO2, O3, secondary organic aerosol (SOA), and particulate matter (PM) because 

of their high reactivity and emissions (Fares et al., 2012). SOA, it should be noted, accounts for a 
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large proportion of fine particulate matter (PM2.5) and has significant effects on human health and 

climate change (Rohr, 2013). Aerosol particles, as an important component of the GHGs, not only 

have a direct effect on global warming but also cause changes in cloud properties that will have a 

long-term impact on the global climate and environmental chemistry (Cai et al., 2019b; Way et al., 

2013). Therefore, in recent decades, many efforts have been made to estimate BVOC emissions 

and their contributions to these oxidation products (Calfapietra et al., 2013; Prendez et al., 2013).  
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Figure 2.1. Schematic diagram of the interactions of BVOCs with subsequent derivatives in 

terrestrial ecosystems. AVOC: anthropogenic VOC; BSOA: biogenic SOA; ASOA: 

anthropogenic SOA.
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2.1.2. Biogenic MeOH emission from plants 

Biogenic MeOH is generally produced in plant cells through biochemical processes such as cell-

wall loosening during cell expansion, tetrahydrofolate pathways, protein repair, and pectin 

methylesterase (PME) (Figure 2.2). The MeOH produced in plant cells can be stored in water and 

tissue and can be utilized in plant cells through many metabolic pathways. It evaporates to the 

atmosphere through stomata or is oxidized by hydroxyl radical (•OH) to form formaldehyde 

(HCHO) and, ultimately, CO2. MeOH emission may be affected by environmental factors (e.g., 

light intensity and air temperature) and vegetation factors (e.g., stomatal conductance, leaf 

development, MeOH pool size, and methylotrophs). Stresses such as hypoxia, high ozone 

concentration, frost, injury (e.g., cutting, insect or animal attacks), senescence, dehydration of 

plant leaves, and biomass burning can also cause MeOH emissions (Brunner et al., 2007; Galbally 

and Kirstine, 2002). It has been reported that young leaves are higher emitters compared to mature 

leaves, and, similarly, that herbivore-attacked leaves are higher emitters than unattacked leaves 

(Fall and Benson, 1996; Penuelas et al., 2005). Understanding biogenic MeOH emission could 

help better achieve the UN SDG 13 which is to “take urgent action to combat climate change and 

its impact”.  
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Figure 2.2. Sources of endogenous MeOH in plant cells (Dorokhov et al., 2018). 1C: one-carbon; 

C: cytoplasm; N: nucleus; CW: cell wall; HG: homogalacturonan; Me: methyl group; PMEs: 

pectin methylesterases; THF: tetrahydrofolate. 

 

2.1.3. MVOCs in plant-microbe communications  

Several reviews have introduced information about the chemical species, structures, biosynthetic 

pathways, and biological functions of MVOCs, such as SQTs and microbial terpenes emitted from 

fungal species (Kramer and Abraham, 2012). According to the database of VOCs emitted by 

microorganisms as described by Effmert et al. (2012), 300 rhizosphere and soil microbes could 

produce approximately 800 MVOCs with distinct action potentials, which can play a dominant 

role in microbe-microbe and microbe-plant interactions below ground. MVOCs could alter the 

physiology, growth, and defence mechanisms of plants across complex processes concerning 

abscisic acid (ABA) and cytokinin (CK), but most bioactive MVOCs could hardly experience 

specific VOC-mediated interactions (Ameztoy et al., 2019). These microbe-to-plant signal 
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compounds can promote biomass production, sustainable energy supply, and climate change 

mitigation (Antar et al., 2021; Singh et al., 2021). 

 

2.2. Estimation methods of BVOC emissions  

2.2.1. Measurements of BVOC emissions  

Spatial-temporal trends of emissions and their drivers vary depending on the scale (Cai et al., 2017).  

BVOC emission trends have been described in different studies in terms of time scale (ranging 

from diurnal to phenological, seasonal, and annual) and spatial scale (ranging from leaf to 

individual, regional, national, and global). The emission trends at large scales (e.g., seasonal and 

annual time scales, or regional, national, and global spatial scales) tended to be expressed in the 

form of simulation results; observation results were a better choice for small scales (e.g., diurnal 

and phenological time scales or leaf and individual spatial scales) due to the large uncertainty 

associated with modeling at these scales. When there were fewer simulation data such as in the 

cases of BOVOCs and SQTs, large-scale emission trends were typically supplemented by 

measurements.  

 

Since the 1990s, observations and simulations of BVOC emissions have gradually been attracting 

increasing attention. In terms of BVOC sampling and composition identification, measurement 

techniques mainly included enclosure system (ES), proton-transfer-reaction mass spectrometry 

(PTR-MS), relaxed eddy accumulation (REA), mixed layer gradient (MLG), and surface layer 

gradient (SLG), ranging in spatial scale from leaves (10 cm2) to landscapes (100 km2) with a time 

resolution of several seconds (de Gouw and Warneke, 2007; Guenther et al., 1996). Among these, 

a chamber controlling light and leaf temperature was a commonly used ES. It can be used to 
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measure BVOC emissions of individual leaves and entire branches as well as their short-term 

environmental controllers, such as light, temperature, and mechanical wounding (Staudt and Bertin, 

1998). REA was a universal approach in micrometeorological flux measurement that was 

commonly used to observe local BVOC fluxes from vegetation canopies, varying from tall forests 

(e.g., Norway spruce, orange orchard, beech) to short crops (e.g., wheat and barley), as well as to 

measure their response to regional meteorological changes (Arnts et al., 2013; Valentini et al., 

1997). PTR-MS was one of the useful techniques for identifying and measuring both field and 

laboratory BVOC emissions with high sensitivity and rapid response time. The operation theory, 

operating conditions, and improvement work of PTR-MS have been described in several reviews 

(de Gouw and Warneke, 2007). The complementary use of proton transfer reaction time-of-flight 

(PTR-TOF) and gas chromatograph in conjunction with flame ionization detectors (GC-FID), as 

another measurement method, can improve the accuracy of chemical identification and source 

apportionment as well as the time resolution of flux quantification (Ouyang et al., 2016; Pallozzi 

et al., 2016). There were natural and rich stable carbon isotope ratios in BVOCs, which might offer 

a useful method to evaluate diverse metabolic pathways under field conditions (Haberstroh et al., 

2019).  

 

2.2.2. Simulations of BVOC emissions  

Apart from revealing BVOC emission trends, observations can also be applied to verify and 

improve models. Model of Emissions of Gases and Aerosols from Nature (MEGAN) was a widely 

known bottom-up model to estimate BVOC emissions from terrestrial ecosystems at both the 

global and regional scales. This model was based on early MT and isoprene models and suggested 

parameters (Guenther et al., 2006). It was a phenomenological model encompassing standard 
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emission factors for any species (ε), environmental correction factors (γ), and input data (Figure 

2.3). Most studies on model improvement have focused on γ algorithms and input data at both time 

scales and spatial scales (Grote et al., 2013). Besides key factors affecting BVOC emissions, such 

as temperature and light, additional driving factors like leafage, soil moisture, and CO2 (Guenther 

et al., 1999; 2006), were subsequently considered in the models, e.g., MEGAN 2.1 (Guenther et 

al., 2012), an update of previous versions such as MEGAN 2.0 for isoprene emissions (Guenther 

et al., 2006) and MEGAN 2.02 for MT and SQT emissions (Sakulyanontvittaya et al., 2008). 

MEGAN estimated the global BVOC flux to be 1,150 Tg C yr−1, composed of isoprene (49%), t-

β-ocimene, β-pinene, α-pinene, ethene, propene, limonene, acetone, ethanol, acetaldehyde, and 

MeOH (30% combined), MTs (15%), SQTs (3%), and more than 100 additional compounds 

rounding out the remaining 3%. It was found that tropical forestlands (like rainforests, savanna, 

and drought-deciduous forests) covered about 18% of the global land areas and contributed nearly 

half of global BVOC emissions; shrubs, crops, and other forests were found to cover about the 

same area as tropical forestlands but contributed only 10% to 20% apiece. However, soil moisture 

stress was found to decrease global emissions by 20% to 50% (Müller et al., 2007; Sindelarova et 

al., 2014). For example, Sindelarova et al. (2014) deployed MEGAN coupled with Modern-Era 

Retrospective Analysis for Research and Applications (MERRA) and estimated global BVOC 

emissions to be 760 Tg C yr−1, including isoprene (70%), MTs (11%), SQTs (2.5%), MeOH (6%), 

acetone (3%), and other VOCs (7.5%). Leaf traits, such as thickness, area, and pigments, vary 

significantly with canopy height, so the physiological status of leaves should be considered in 

efforts to improve emission algorithms (Simpraga et al., 2013). In this context, MEGAN 3 features 

a modified canopy environmental model, stress response, controlling processes, over 40,000 plant 

types, and more than 200 BVOC compounds (Jiang et al., 2018).  
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From 1991–2020, the emission models have developed from an isoprene emission model of 

individual leaves to a global BVOC emission model which can simulate past and future BVOC 

emissions by coupling climate models, e.g., regional climate models (RCMs), and canopy models, 

e.g., Model of HYdrocarbon emissions by the CANopy (MOHYCAN) (Bauwens et al., 2018). 

Apart from field measurements, Remote Sensing (RS) and Geospatial Information Systems (GIS) 

can provide land use, forest area, leaf area index (LAI), foliar densities, etc. These interpretative 

data of RS images have been applied to estimate a finer spatial-temporal resolution of BVOC 

emissions, including source distributions and emission profiles of different chemical species. 

Simulations of BVOC emissions can also be conducted using top-down models, i.e., inversion 

studies based on HCHO columns observed from space using an ozone monitoring instrument (OMI) 

(Bauwens et al., 2018). HCHO observations offered useful insights on reactive hydrocarbon 

emissions when a chemistry and transport model (CTM) was applied to evaluate the time-

dependent HCHO yield from BVOCs such as isoprene, 2-methyl-1-butanol, and α‐ and β‐pinenes 

(Choi et al., 2019; Palmer et al., 2007). 
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Figure 2.3. A schematic of the main structure and components of the BVOC emission model. 

LPJ-GUESS: Lund-Potsdam-Jena General Ecosystem Simulator. ε is the standard BVOC 

emission. ρ is a factor explaining the production and loss of BVOC within plant canopies. γ is a 

non-dimensional emission activity factor accounting for emission changes considering the light 
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(γP), temperature (γT), soil moisture (γSM), canopy environment (γCE), leaf age (γA), CO2 inhibition 

and fertilization (γCO2), and induced stresses such as insects, fungus, and wounding (γstress).   

 

The surface soil is also a significant contributor to stand-scale BVOC emissions due to the 

synthesis and release of BVOCs from shedding vegetation and living roots as well as the microbial 

decomposition of litter and SOM (Cai et al., 2020). Decaying and dried vegetation is an important 

source of C1−C3 BOVOCs. Thus, litter BVOC emissions are dependent on the major influences of 

temperature, moisture content, and labile carbon content of the litter, consistent with the format of 

the MEGAN landscape emission model (Guenther et al., 2006). This simple model is described by 

the expression: 

𝐸 = 𝜀 ∙ 𝛾𝑆𝑀 ∙ 𝛾𝑇 ∙ 𝛾𝐶 (2.1) 

𝛾𝑆𝑀 = 𝑒𝑥𝑝 (𝑎 ∙  (%𝑚 −  %𝑚0)) (2.2) 

𝛾𝑇 = 𝑒𝑥𝑝 ( 𝑏 ∙  (𝑇 −  𝑇0)) (2.3) 

𝛾𝐶 = 𝑒𝑥𝑝 ( −𝑐 ∙  (𝑇 −  𝑇0)) (2.4) 

where  𝜀 is the emission capacity of BVOC at standard surface soil temperature (T0 = 30) and soil 

moisture (%m0 = 6%), which are determined empirically to match gradient flux observations; γC 

is the emission activity factor of available soil carbon; %m is the moisture content in percent; and 

T is the soil surface temperature. Available carbon decreases with time, and the initial carbon input 

could be also estimated with crop yield. Constants a, b and c have been determined experimentally 

for each BVOC in the gradient experiments (Greenberg et al., 2012).  
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2.2.3. Emission drivers and model development  

Empirical algorithms in phenomenological models have been widely adopted to explore 

relationships between environmental variables and BVOC emissions (Arneth et al., 2011). 

Generally, BVOC emissions were affected by temperature, drought, solar radiation, humidity, 

availability of nutrients, CO2, O3, etc. The magnitude of stress-induced emissions was dominated 

by stress tolerance, timing, duration, and strength. The combined effects of two or more stresses, 

moreover, were sometimes additive or had priority in one stress (Holopainen and Gershenzon, 

2010; Niinemets, 2010). A recent meta-analysis quantifying the effect of medium-term (nearly 7 

days) climate change on leaf-scale BVOC emissions found isoprene emissions to be inhibited by 

drought (−15%), elevated CO2 (−23%), and O3 (−8%) but stimulated by warming (+53%). 

However, these climate drivers were found to have little effect on MT emissions, except for 

elevated O3
 (limited to evergreens with storage organs and plants that are not sensitive to O3) and 

warming (+39%) (Feng et al., 2019). Squire et al. (2014) projected a future scenario (for the year 

2095) in a simulation study with a 55% reduction in isoprene emissions in contrast with the year 

2000 with individual contributions from climate change (+30%), land-use change (−73%, mainly 

cropland expansion) and CO2 inhibition (−57%).  

 

There were significant uncertainties in predicting changes in a dynamic global environment, 

especially when using multipliers based on single-factor relationships derived from short-term 

experiments to illustrate the synergistic effects of several environmental variables (Pacifico et al., 

2009). It is not necessarily reliable to use empirical algorithms for long-term predictions, and the 

key to establishing realistic and reliable models is to quantify the stress effects of induced and 

constitutive BVOC emissions. Several reviews summarized key advances in BVOC models, 
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stressing the importance of incorporating process understanding of leaf BVOC production into 

BVOC emission modeling (Arneth et al., 2011; Harrison et al., 2013a). Process-based models had 

the potential to capture the influence of environmental variables. Some models based on cell 

structure and metabolic processes, such as pectin demethylation in cell walls or metabolism 

processes in the chloroplast, were proposed to describe the production and emission of BOVOCs 

( e.g., acetone, acetaldehyde, C3/C4 carbonyls, MeOH, and acetic acid) and volatile isoprenoid 

(e.g., isoprene) (Harrison et al., 2013a). Combining leaf models with whole-plant models 

physiologically would be an encouraging direction. For example, the mechanistic treatment of 

photosynthesis, including photosynthetic electron transport and calculation of intermediate 

compounds, can be introduced into vegetation emission models (Arneth et al., 2007; Grote, 2007). 

It was promising to consider the possible feedback of BVOC emissions on the physiological 

conditions of plants, e.g., the mitigation of thermal and oxidative stresses resulting from plant 

isoprenoids (Grote and Niinemets, 2008). However, these mechanism-based models had the 

limitation of lacking validation data. It is important to standardize experiments and algorithms and 

critically examine past studies for developing accurate databases of emission factors for specific 

plant species and chemical species.  

 

2.2.4. Gaps in empirical models and future directions 

Overall, empirical models (e.g., MEGAN) have been widely used in modeling BVOC emissions, 

particularly volatile isoprenoids. Successive modifications, including incorporating more valuable 

parameters and coupling process-based models, have been applied to BVOC emission models to 

minimize uncertainties. However, plants and soils not only emit MTs and isoprene, but also emit 

BOVOCs, mainly including alcohols, aldehydes, ketones, etc., and their synthesis pathways are 
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different. There have been many studies on monoterpene and isoprene, but few on the formation 

and emission mechanism of OVOCs. SBVOC fluxes have not been considered when modeling 

global BVOC emissions from terrestrial ecosystems. The source and quality of basic parameters 

(including the vegetation cover type, LAI, and ε of an underlying surface) are critical in governing 

the accuracy and rationality of spatial emissions. Data calibration using ground measurements and 

RS images for BVOC emission modeling could largely reduce the uncertainties in BVOC 

emissions caused by land cover data. Furthermore, models derived from MEGAN, although robust 

in their consideration of natural factors, rarely include the effects of human activities on metabolic 

processes in ecosystems, e.g., landscape planning, technical policy, and growing population. 

Interestingly, forest wildfires may significantly alter emission factors and BVOC emissions from 

plants and soils, thereby influencing the ambient concentration of SOA and O3, as well as the 

composition and evolution of vegetation and soil microbes within the ecosystem (Ciccioli et al., 

2014). Biological stress and mechanical damage can cause some green leaf volatiles (GLVs) to 

emit almost immediately (Ameye et al., 2018). However, wildfire-driven fluxes and instantaneous 

emissions have not been considered in the modeling of global BVOC estimates from the terrestrial 

biosphere, shown in red dotted boxes in Figure 2.3. Additionally, there are large uncertainties in 

long-term emission modeling due to a lack of long-term BVOC measurements and the chronic 

response to environmental changes. Future observations from laboratory control experiments and 

long‐term fields might contribute to revealing the interactive and comprehensive impacts of 

multiple drivers and bridge gaps in the modeling of BVOC emissions, especially for BOVOCs and 

high-latitude plants. Future attention should be given to manipulated or long-term measurements 

of SBVOC emissions, including root and litter emissions and microbial decomposition responding 

to diverse environmental factors in primary soil types at stand scales. Moreover, it is difficult to 
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determine how one or multiple environmental drivers may influence the emission of different 

chemical species of BVOCs from various biological species in terms of plant physiology and soil 

biology. Therefore, the improvement of a conceptual and estimation model based on MEGAN 

regarding the above problems could be a promising direction for future research. A meta-analysis, 

multi-factor regression, or scenario analysis based on all studies mentioned could be carried out to 

offer a better understanding of these relationships and anticipate trends in future studies. Moreover, 

more observation of the production and emission of BVOC, especially BOVOCs, from the 

perspective of plant physiology at the cell level is required for verification and validation of these 

emission models.  

 

2.3. Uncertainties in the response of PBVOC emissions to influencing factors 

2.3.1. Biological drivers of PBVOC emissions  

The production and emission of PBVOCs can be understood as a response to the negative 

consequences of stresses in terms of stress gradient and response time (Figure 2.4). Several reviews 

in this area have noted that the emission rates and components of BVOC are affected by biotic 

stresses (e.g., ecological succession, tree age, leaf age, photosynthetic rate, transpiration rate, 

stomatal conductance, intercellular CO2 concentration, etc.), environmental stresses (light, 

temperature, relative humidity, soil nutrition, salt stress, drought stress, elevated CO2 and O3, etc.), 

and disturbances related to animal activity or anthropogenic activities (e.g., afforestation, 

deforestation, herbivore attacks, fertilization, irrigation, land-use change, etc.) (Monson et al., 

1994; Niinemets, 2010; Peñuelas and Staudt, 2010). 
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Figure 2.4. Conceptual diagram of constitutive and inducible BVOC emissions in terms of plant 

species and biochemical factors at multi-response timescales (Harrison et al., 2013a). 

 

There is a fundamental difference between the short-term biological and environmental drivers 

(e.g., herbivore attacks, mechanical damage, light, temperature, CO2 concentration, humidity, and 

extreme weather events) of instantaneous PBVOC emission rates and the long-term biological 

drivers (e.g., species composition, soil fertility, and foliar biomass) (Niinemets et al., 2010). On 

short-term scales, herbivore attacks and mechanical damage are the main biological drivers. 

Generally, ecosystem BVOC emissions will periodically increase because of insect outbreaks 

associated with climate change (Rinnan et al., 2013). Infested trees emit new VOCs, but the 

composition and quantities are related to the plant species. For example, a study by Staudt and 

Lhoutellier (2007) found that infested Quercus ilex L. released new PBVOCs (primarily SQTs, a 

homoterpene and an MT alcohol), accounting for 16% of the total. However, Amin et al. (2013) 

found that infested spruce trees induced a nine-fold increase in the total PBVOC emissions, with 
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these emissions dominated by 3-carene, β-pinene, and α-pinene. Similarly, other studies have noted 

that mechanical damage, such as cutting of vegetation, will increase instantaneous BVOC 

emissions (mainly C8 compounds and SQTs) up to 20-fold, with these emissions dominated by 

plant oil emissions (in the case of plants with stored oils) and leaf wound defence emissions (in 

the case of other plants) (Kim et al., 2011; Rinnan et al., 2013).  

 

At long-term scales, soil fertility, such as nitrogen and phosphorus fertilization, is an important 

factor affecting PBVOC emissions due to the changes in leaf photosynthetic capacity and foliar 

biomass. In general, higher isoprene and isoprenoid emissions are stimulated by higher nitrogen 

concentrations and lower phosphorus concentrations in the soil (Blanch et al., 2007; Ormeno et al., 

2009). However, MT and monoterpenoid emissions are inhibited by nitrogen fertilization, because 

the rising nitrogen fertilizer causes an increase in photosynthetic products for plant growth and a 

decrease in non-structural carbohydrates for MT synthesis (Bryant et al., 1983; Muzika et al., 1989). 

Additionally, long-term PBVOC emissions are affected by anthropogenic land-use changes (i.e., 

tropical deforestation, European afforestation, and plant selection) and natural vegetation 

alteration (i.e., forest wildfires). Tropical deforestation has been shown to significantly decrease 

isoprene emission by 29% and increase MeOH emission by 22% at global scales. European 

afforestation, meanwhile, has been found to have increased PBVOC emissions by 54% in Europe 

but to have had little effect on global PBVOC emissions (Lathiere et al., 2006; Rosenkranz et al., 

2015). Guo et al. (2013) showed that PBVOC emissions in low-latitude subtropical Ningbo, China, 

could be reduced by planting low-emitting trees in urban areas and converting bamboo forests to 

broad-leaved forests in rural areas. Conversion of slow-growing evergreens (e.g., E. 

hermaphroditum) to deciduous shrubs (e.g., Betula and Salix), meanwhile, may increase emissions 
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of PBVOCs such as isoprene, MTs, and non-isoprenoids in the Arctic (Vedel-Petersen et al., 2015). 

Zhang-Turpeinen et al. (2020a) have noted that PBVOC emissions will also strongly decrease due 

to forest wildfires in boreal areas resulting from climate warming, though they may be expected 

to recover from the forest floor within about 20 years after a wildfire. In general, global decreasing 

isoprene emission largely results from anthropogenic land-use changes, such as the conversion of 

forests in rural areas to croplands, pastures and urban areas, while global MT emissions primarily 

decrease due to changes in natural vegetation composition (Hantson et al., 2017; Tai et al., 2013; 

Wiedinmyer et al., 2006). 

 

2.3.2. Temperature-driven PBVOC emissions under extreme conditions 

From the environmental perspective, climate and global changes, including warming, drought, 

elevated CO2, O3, and UV irradiation, will alter PBVOC emissions depending on the doses and 

timing of environmental factors, as well as the affected PBVOC compositions (Penuelas and Staudt, 

2010). Stored volatiles (MTs, acetaldehyde, green leaf volatiles, MeOH, and ethanol) are emitted 

when cellular membranes or cell walls of the storage pools become seriously damaged at 

temperatures >45 °C (Guidolotti et al., 2019). Similarly, plants such as Thymus vulgaris, 

Lavandula stoechas, and Cistus albidus have been found to emit large amounts of terpenoids, e.g., 

thymol, l-fenchone, and 3-hexen-1-ol at elevated temperatures in the range of 70 ℃ to 180 ℃ 

(Courty et al., 2014). This may be attributable to the competition among compounds with a similar 

function for substrates and enzymes, such as a trade-off between isoprene and stored volatiles of 

the Methylerythritol 4-phosphate (MEP) pathway at very high temperatures (>45 °C) (Guidolotti 

et al., 2019). Interestingly, the emissions of volatile isoprenoids and MTs in the sun leaves may 

also decrease with the synthesis of more photo-protective carotenoids because of competition 
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among the same biochemical precursors (Simpraga et al., 2013).  Thus, it requires identifying the 

response of PBVOC emissions to high temperatures. 

 

In the long term, temperature, resulting in changes in vegetation coverage and species composition, 

is also the primary driver of seasonal and inter-annual changes in PBVOC emissions. This is 

especially true of subarctic and Arctic areas, which are seeing an increase in air temperatures at 

twice the global mean rate and a corresponding increase in plant biomass and change in vegetation 

composition (Huang et al., 2015b). For example, an air temperature increase of 1.9–2.5°C will 

result in a doubling of emissions of MTs and SQTs from a wet subarctic tundra heath (Faubert et 

al., 2010). In this regard, a study by Kellomaki et al. (2001) projected that the emissions of MTs 

and isoprene over the whole of Finland will increase by 17% and 60%, respectively, due to the 

increase of forest resources with elevated temperature (+4 °C) and precipitation (+10%) by the 

year 2100. However, the emissions from Empetrum hermaphroditum, Cassiope tetragona, Betula 

nana, and Salix arctica in the subarctic and high Arctic are only slightly affected by elevated 

temperature in long-term field experiments because the significant changes in leaf anatomy of 

these species in response to the elevated temperature appear to differ from those of low-latitude 

species (Schollert et al., 2015). Given this, more observations of high-latitude species should be 

conducted to improve the modeling in terms of evaluating the temperature and light-dependency 

of PBVOC emissions. 

 

2.3.3. Drought-driven PBVOC emissions at different temporal scales 

Drought, generally represented by low precipitation and soil moisture is a major environmental 

factor constraining the performance and survival of plants and the production and emission of 
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PBVOCs. The drought effects on PBVOC emissions, effects that are closely related to plant 

photosynthesis, are controversial, with some researchers concluding that drought causes a decrease 

in PBVOC emissions, while others suggest that PBVOC emissions are unaffected or even 

increased by drought. Niinemets (2010) has asserted that, in general, the short-term mild drought 

stress will cause a significant increase in isoprenoid emissions but a slightly negative effect on 

terpenoid emissions. Acute drought stress, though, may cause a sudden burst in non-MT emission 

because of certain stress-related green leaf volatiles (GLVs) (Simpraga et al., 2011). Others have 

noted that a severe drought or prolonged moderate drought will result in significant reductions in 

isoprene and MT emissions (Grote et al., 2014; Jiang et al., 2018). For example, in a study by 

Ormeno et al. (2007), Rosmarinus officinalis showed nearly equal MT emissions with or without 

water stress, while a decrease in MT emissions from Pinus halepensis occurred when the severe 

drought stress inhibited primary metabolism because isoprenoid formation depended on 

metabolites primarily formed by photosynthesis. Another study observed that the summer drought 

stress in a holm oak forest caused a strong and repeated inhibition of PBVOC emissions, with a 

negative effect on isoprene emission (−23%) but a slight positive effect on MT emissions. This is 

presumably because of stomatal closure and internal CO2 reduction resulting in decreased leaf 

carbon availability and photosynthetic rate (Feng et al., 2019; Lavoir et al., 2009). Furthermore, 

the response and adaptability of terpenoid emissions to drought stress have been found to vary 

among terpenoid species, showing inhibited MT emission but unaffected or enhanced emissions 

of α-pinene, camphene, and manoyl oxide (Haberstroh et al., 2018). Under moderate and severe 

stress conditions, the emissions of phenols, flavonoids, and oxygenated MTs (e.g., Camphor) have 

been shown to increase while SQTs (e.g., Germacrene D) decrease (Caser et al., 2018). Although 

the effects of soil moisture or drought stress on isoprene emission have been considered in 
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modeling, the response and adaptability of different plant species and PBVOC species to various 

drought stress scenarios should be considered in further laboratory and field experiments.  

 

2.4. Emerging Microplastic Pollution from Mulching Films Applied in Cropping Systems 

2.4.1. Application of biodegradable mulching films in cropping systems 

Plastic film mulching is an effective agronomical practice to enhance crop production because it 

can conserve soil and water, regulate soil temperature, and prevent weeds (Cai et al., 2020; Kader 

et al., 2017; Wang et al., 2022a). Non-biodegradable mulches, such as polyethylene (PE), are 

usually required to be removed after use. Over the past decades, biodegradable mulches (BMs) 

have been regarded as an alternative mulch material to replace traditional non-degradable 

mulching to mitigate the environmental and disposal problems caused by plastic residues (Miles 

et al., 2017). BMs are generally composed of polysaccharides such as starch, cellulose, chitosan, 

chitin, and polyesters (e.g., polybutylene adipate terephthalate (PBAT), polyhydroxyalkanoate 

(PHAs), and polylactide (PLA)). Different countries have various regulations regarding the use of 

BMs in organic agriculture. According to the European Standard EN-17033, issued by the 

European Committee for Standardization in 2018, BMs are allowed in certified organic agriculture 

without a biobased requirement across the European Union (EN-17033, 2018). In the United States 

and Canada, BMs for organic food are required to be 100% derived from bio-based sources rather 

than fossil resources or genetically engineered sources (CAN/CGSB-32.311, 2020; OMRI, 2015). 

Most commercially available BMs contain certain fossil fuel-based ingredients or additives, which 

limits their use in organic agriculture. For example, BioAgri is one of the BMs that has been widely 

used worldwide for many years. Its main composition is PBAT, which is a biobased polymer 

derived from petroleum sources. Since 2015, BioAgri has no longer been regarded as an allowable 
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input to certified organic farming in Canada (CAN/CGSB-32.311, 2015). Notably, organic farmers 

are hoping that organic certification bodies strike a balance between idealistic organic movements 

and realistic market standards in organic agriculture (Bandopadhyay et al., 2018). The main 

concerns include whether the biodegradation capacity of BMs will be affected by the ingredients 

derived from fossil sources and whether fossil fuel-based BMs have negative environmental 

impacts.  

 

2.4.2. Fragmentation of different plastic materials under different weathering processes  

After exposure to the soil, the further fragmentation from mulches to macroplastics (MaPs) and 

then MPs elevates the mobility of MPs in the soil, aquatic environment, and atmosphere (Cai et 

al., 2017; 2019b; Wang et al., 2021c). The size distribution of MPs in different environments can 

be described by a conditional fragmentation model (Wang et al., 2021c): 

𝐹(𝑥) = (1 − 𝑒−𝜆𝑥𝛼
)(0 ≤ 𝑥 ≤ 5) (2.5) 

where x is MP size (mm); F(x) is the simulated cumulative distribution function (CDF) of 

microparticles (or nanoparticles); λ is the range parameter (mm-α) that depicts the relative location 

of F(x), decided by the size range of MPs; and α is the fragmentation parameter (dimensionless) 

that describes the shape of F(x), representing the fragmentation process with a focus on debris 

stability. Notably, a higher value of α (>1) means that larger debris has a higher probability of 

weathering and downsizing than smaller ones. A lower value of α (<1) indicates that smaller debris 

has a higher probability of downsizing than larger ones. If α = 1, MP size has no significant effect 

on the subsequent fragmentation process.  
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The modeling parameters (α and λ) for MPs separated from different natural sources were 

summarized in previous studies (Wang et al., 2021c). Some results with previous findings from 

artificial weathering processes (Cai et al., 2023; Wang et al., 2021d; Wang et al., 2022c) were 

calculated and shown in Figure 2.5 and Table 2.1. In Figure 2.5 (a), a higher α indicated stable 

MPs which meant these MPs had a stable size distribution pattern, whereas a higher λ suggested 

smaller-size MPs. Larger particles are generally susceptible to fragmentation at the low level of α 

and λ. With the increase of λ and α, the large particles experienced fragmentation and downsizing, 

shifting to smaller but stable ones. A proportion of MPs from natural sources (NMPs) and artificial 

weathering processes (AMPs) were distributed in the range of λ [1, 10] and 𝛼 [0.5, 1], which 

suggested that the downsizing of larger MPs would be suppressed compared with smaller ones. 

Therefore, the small MPs and NPs migrated more easily than the large ones. For NMPs with a 

certain value of α > 1, larger 𝛼 indicated that the mobility of larger NMPs tended to inhibit in 

natural environments. For AMPs with a certain value of 𝛼 >1, larger λ suggested that the sizes of 

AMPs shifted to smaller ones. Moreover, the size distribution of AMPs was affected by plastic 

materials and weathering processes. Regarding different materials (Figure 2.5 (c-d)), the MP 

median size followed the order: Mask > BioAgri > WGP > Glove, whereas the NP median size 

followed the order: PBAT > LDPE > WGP ≈ BioAgri. During the formation of MPs and NPs in 

ultrapure water after UV irradiation, the high-intensity weathered MPs (HMPs) had relatively 

higher values of α (>1), whereas the high-intensity weathered NPs (HNPs) had relatively lower 

values of α (<1), compared with the low-intensity weathered ones. This suggested that HMPs were 

more stable with downsizing accelerated by UV irradiation, whereas HNPs were still affected by 

sequent downsizing caused by the decrease in pH (Pace et al., 2012). Overall, artificial processes, 
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such as grinding, oxidation, UV irradiation, as well as wave and sand friction, can accelerate the 

fragmentation of MPs. 

 

 

Figure 2.5. The fragmentation of different plastic materials under different weathering processes. 

MP formation in (a) natural and artificial weathering processes; (b) UV irradiation as well as 

wave and sand friction; (c) ultrapure water after UV irradiation. NP formation in (d) ultrapure 

water after UV irradiation. LDPE: low-density polyethylene; WGP: Weedguardplus; Mask_S: 

mask after wave and sand friction; Glove_S: glove after wave and sand friction; MO: outer layer 

of the mask; MM: middle layer of the mask; MI: inner layer of the mask; GL: latex glove; GN: 

nitrile glove; GV: vinyl glove. 
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Table 2.1. Particle size parameters of the conditional fragmentation model describing the MP and NP formation after various artificial 

weathering processes. 

Weathering 

processes 

Materials D50 (μm) D90 

(μm) 

Range 

parameter 

λ (mm-α) * 

Fragmentation 

parameter α 

Adjusted 

R2 

p Reference 

MP formation after 

mechanical milling 

through nominal sieve 

fraction 

PBAT 45.8–522.0 48.2–

587.9 

>370.0 7.60–13.73 0.777–

0.999 

<0.001 (Astner et 

al., 2019) 

LDPE 43.9–586.2 46.1–

661.2 

>155.2 7.27–15.02 0.750–

0.999 

<0.001 (Astner et 

al., 2019) 

MP formation at 

different discharge 

plasma treatment 

times at different 

oxidizing intensities 

PVC 139.9–145.7 196.3–

201.3 

945.7–

1135.9 

3.51–3.54 >0.99 <0.001 (Zhou et 

al., 2020) 

MP formation in 

different solutions 

after different sunlight 

irradiation durations 

PS 50.4–83.0 83.1–

102.6 

>181435.9 4.00–4.89 >0.98 <0.001 (Zhu et 

al., 

2020b) 

MP formation after 

different heat-

activated 

K2S2O8 treatment 

times 

PS 9.5–28.9 22.8–

47.5 

519.1–

7782.5 

1.44–2.64 >0.99 <0.001 (Liu et al., 

2019) 

PE 10.5–33.3 12.7–

59.0 

251.2–

3296.1 

1.14–2.53 >0.99 <0.001 (Liu et al., 

2019) 

MP formation after 

different Fenton 

treatment times 

PS 14.1–42.4 31.4–

62.5 

527.6–

33094.3 

1.61–3.41 >0.99 <0.001 (Liu et al., 

2019) 

PE 11.0–39.3 25.1–

60.6 

188.3–

6686.7 

1.22–2.64 >0.99 <0.001 (Liu et al., 

2019) 

MP formation in 

ultrapure water after 

Mask 20.9–115.8 62.6–

439.5 

3.9–159.7 0.78–1.43 0.898–

0.998 

<0.001 (Wang et 

al., 

2021d) 
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different UV 

irradiation durations 

Glove 1.9–72.5 10.5–

285.3 

5.0–327.2 0.5–3.0 0.972–

0.997 

<0.001 (Wang et 

al., 2022c) 

MP formation in 

ultrapure water and 

sand after different 

UV irradiation 

durations 

Mask 16.6–206.3 63.3–

458.4 

2.0–983.2 0.51–2.03 0.817–

0.994 

<0.001 (Wang et 

al., 

2021d) 

Glove 5.8–105.3 11.4–

375.7 

5.1–994.3 0.5–2.9 0.872–

0.999 

<0.001 (Wang et 

al., 2022c) 

MP formation in 

ultrapure water after 

different UV 

irradiation durations 

WGP 28.9–46.5 121.1–

199.5 

17.6–25.7 1.02–1.19 >0.99 <0.001 (Cai et al., 

2023) 

BioAgri 36.4–60.0 152.2–

284.2 

7.3–403.8 0.79–1.97 >0.99 <0.001 (Cai et al., 

2023) 

NP formation through 

high-performance wet 

grinding using 106 μm 

MP 

PBAT 0.288 0.569 5.10 1.52 >0.99 <0.001 (Astner et 

al., 2019) 

LDPE 0.196 0.470 5.74 1.26 >0.99 <0.001 (Astner et 

al., 2019) 

NP formation in 

ultrapure water after 

different UV 

irradiation durations 

WGP 0.108–0.182 0.275–

0.661 

1.8–18.1 0.43–1.49 >0.96 <0.001 (Cai et al., 

2023) 

BioAgri 0.089–0.242 0.170–

0.559 

4.1–34.0 0.89–2.78 >0.99 <0.001 (Cai et al., 

2023) 

PVC: polyvinylchloride; PS: polystyrene. D50 (d50) and D90 (d90) mean that 50% and 90% of the total particles were smaller than the 

corresponding size in the CDF of MPs (NPs), respectively. * For NP, the unit of range parameter (λ) is μm-α.
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2.4.3. Environmental risks of microplastic pollution in agroecosystems 

Agricultural health and safety are facing some new challenges (Eryiğit and Engel, 2022; Yang et 

al., 2022a). Generally, soil contains various metal elements, such as Cu, Pb, Cr, Cd, Co, Zn, and 

Ni. It was found that the adsorption of metals (e.g., Cu, Pb, and Cd) by MPs was primarily driven 

through physical sorption and electrostatic interaction (Zou et al., 2020). In addition, the binding 

between heavy metals and the surface ligands of MP was related to the amount of oxygenated 

functional groups, which was probably affected by the MP-induced pH changes (Uchimiya et al., 

2011). For example, carboxyl groups had a strong coordination affinity with metal ions such as Fe, 

Pb, and Cu (Uchimiya et al., 2011; Yue et al., 2022).  

 

As shown in Figure 2.6, MP-derived DOM had lower mean values of SUVA254 and S275–295 

compared with biomass-pyrogenic smoke, natural water, soil, and biochar, which meant that the 

MP-derived DOM had a larger molecular size and higher aromaticity than other media. Thus, MPs 

can be the carbon addition into the agricultural soils, which will change DOM composition, such 

as aromatic functional groups. This may result in excessive carbon input into the soil and carbon 

emission into the air (Cai et al., 2021a; Cai et al., 2021b; Liu et al., 2022a).  
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Figure 2.6. UV-vis indexes of DOM of biomass-pyrogenic smoke, natural water, soil, biochar, 

and BMPs. S275–295 (nm−1) is the slope of linear regression on the log-transformed spectra in the 

range of 275-295 nm; SUVA254 [L/ (mg-C · m)] is the absorption coefficient at 254 nm divided 

by DOC concentration. 

 

Figure 2.7 and Table 2.2 describe the transfer of MPs via the terrestrial food web in the 

agroecosystem. The fragmented MPs from natural environments have a larger range (range: 24.1–

2930.0, median: 716.0, mean: 944.2) in particle size (D90 of each case, μm) than those from 

artificial processes (range: 10.5–458.4, median: 140.3, mean: 159.8), such as grinding, oxidation, 

and UV irradiation. The particle size (maximum size of each case, μm) of ingested MPs follows 

the order: humans (range: 0.05–5000, median: 90, mean: 1805) > animals (range: 0.04–3000, 

median: 150, mean: 929) > crops (range: 0.02–250, median: 3, mean: 3967). Notably, there is 

scarce direct evidence of MP ingestion by humans, so the findings of human feces and food sources 

are summarized. The biological effects of MPs on human health are investigated using in vitro 

studies on human-derived cell lines because in vivo studies of humans are scarce. Therefore, 
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human-ingested MPs showed a bimodal distribution in the range of 0.05–40 and 140–5000 μm. 

The size range of the fragmented MPs from natural and artificial processes has a large overlap with 

the ingested MPs by terrestrial organisms, indicating that a wide range of terrestrial organisms is 

exposed to the risk of fragmented MPs due to the high availability of ingestion via the terrestrial 

food web.  

 

 

Figure 2.7. The transfer of MPs via terrestrial food web in the agroecosystem. 
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Table 2.2. The uptake and biological impacts of MPs and NPs in terrestrial biota at different trophic levels (Wang et al., 2022b). 

Species Plastics Size 

(μm) 

Concentration Co-present 

contaminants 

Biologic effects Reference 

Plant       

Rice (Oryza 

sativa L.) 

PS ≤1 40 mg/L 
  

(Liu et al., 

2022b) 

Rice (Oryza 

sativa L.) 

PS 0.02 10–100 mg/L / Oxidative stress; Decrease in root 

length; alternations in root 

metabolism processes. 

(Zhou et 

al., 2021) 

Rice (O. sativa L.) PS & 

PTFE 

10 0.04–0.2 g/L As (1.6–4 

mg/L) 

Decrease in plant biomass and 

photosynthesis; Reduced uptake 

of As; Oxidative stress. 

(Dong et 

al., 2020b) 

 Maize (Zea mays L.) PS-

NH2 & 

PS-

COOH 

0.02 2 μL of 1 

mg/L PS 

solution per 

0.3 cm2 leaf 

surface 

 
 

(Sun et al., 

2021) 

Maize (Zea mays L.) PE 3 0.0125–100 

mg/L 

/ Decrease in biomass and 

transpiration. 

(Urbina et 

al., 2020) 

 Mung bean (Vigna 

radiata) 

PS 0.03 10–100 mg/kg 
  

(Chae and 

An, 2020) 

Broad bean (Vicia 

faba) 

PS 0.1–5  10–100 mg/L / Decrease in root length, plant 

biomass, and cell proliferation; 

Oxidative stress; Genotoxicity. 

(Jiang et 

al., 2019b) 

Soybean 

(Glycine max 

L. Merrill) 

PS 0.1–100 10 mg/kg Phe (1 mg/kg) Oxidative damage; Decrease in 

root activity; Genotoxicity; 

Reduced uptake of Phe. 

(Xu et al., 

2021) 

Wheat (Triticum 

aestivum L.) 

LDPE <1000 1% (w/w in soil) / Decrease in plant growth and 

biomass. 

(Qi et al., 

2018) 

Wheat (Triticum 

aestivum L.) 

PE 200–250 0.5–8% (w/w in 

soil) 

Phe (100 

mg/kg) 

Decrease in shoot height; 

Reduced uptake of Phe. 

(Liu et al., 

2021) 
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Wheat (Triticum 

aestivum L.)  & 

lettuce (Lactuca 

sativa L.)  

PS & 

PMMA 

≤2 0.5–50 mg/L 

or 150–500 

mg/kg 

 
 

(Li et al., 

2020a) 

 Lettuce (Lactuca 

sativa L.) 

PS 0.1 0.1–1 mg/L 
  

(Lian et 

al., 2021) 

Lettuce (Lactuca 

sativa L.) 

PE 10–500 0.1–10% (w/w 

in soil) 

Cd (0.5–4.4 

mg/kg) 

Decrease in plant biomass; 

Increase in plant uptake of Cd 

(Wang et 

al., 2021a) 

Lettuce (L. sativa L.) PE –23 0.25–1 g/L DBP (5 mg/L) Decrease in root growth and 

activity; Damage in cell 

structure; Oxidative stress; 

Reduced uptake of DBP. 

(Gao et al., 

2021) 

 Carrot (Daucus 

carota L.) 

PS ≤1 10–20 mg/L 
  

(Dong et 

al., 2021) 

 Cucumber (Cucumis 

sativus L.) 

PS 0.1–0.7 50 mg/L 
  

(Li et al., 

2020a) 

Spring onion (Allium 

fistulosum) 

PA, PS, 

HDPE, 

PP, & 

PET 

<5000 0.2–2.0% (w/w 

in soil) 

/ Polymer-dependent changes in 

plant total biomass, root traits, 

and leaf elemental composition. 

(de Souza 

Machado 

et al., 

2019) 

Onion (Allium 

cepa L.) 

PS 0.02–

0.19 

0.01–1.0 g/L / Oxidative stress; Cytological 

abnormalities; Genotoxicity. 

(Giorgetti 

et al., 

2020) 

 Thale 

cress (Arabidopsis 

thaliana) 

PS-

NH2 & 

PS-

COOH 

0.2 10–100 mg/L 
  

(Sun et al., 

2020) 

Garden cress 

(Lepidium 

sativum L.) 

PE, PP, 

& PVC 

≤130 0.02% (w/w in 

soil) 

/ Decrease in seed germination and 

plant biomass; Oxidative stress. 

(Pignattelli 

et al., 

2020) 
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Festuca 

brevipila, Holcus 

lanatus, Calamagrost

is epigejos, Achillea 

millefolium, Hieraciu

m pilosella, Plantago 

lanceolata, 

& Potentilla 

argentea 

PET 1300 4 g/kg / Alterations in plant community 

structure; Decrease in community 

shoot-to-root ratio. 

(Lozano 

and Rillig, 

2020) 

Animal       

Earthworm 

(Lumbricus 

terrestris) 

PE <150 7–60% (w/w in 

litter) 

/ Ingestion and egestion of PE; 

Increase in mortality; Reduced 

growth rate. 

(Huerta 

Lwanga et 

al., 2016) 

Earthworm 

(Metaphire 

californica) 

PVC / 2 g/kg As (40 

mg/kg) 

Decrease in bioaccumulation of 

total As; Alleviation of As 

toxicity to the gut microbiome. 

(Wang et 

al., 2019a) 

Earthworm (Eisenia 

fetida & Metaphire 

guillelmi) 

PS <2000 0.25% (w/w in 

soil) 

HBCDDs (–

40 μg/kg) 

Ingestion of PS; Increased 

bioaccumulation of HBCDDs; 

(Li et al., 

2019) 

Earthworm (E. 

fetida) 

PE 30–100 0.1–10% (w/w 

in soil) 

Ni2+ (40 

mg/kg) & 

Cu2+ (100 

mg/kg) 

Increased bioaccumulation of 

metals; Oxidative stress; 

Alterations in gene expression. 

(Li et al., 

2021) 

Earthworm (E. 

fetida) 

LDPE 

& PS 

<300 0.1–10% (w/w 

in soil) 

PAHs (510–

740 μg/kg) & 

PCBs (180–

220 μg/kg) 

Ingestion of LDPE and PS; 

Oxidative stress; Decreased 

bioaccumulation of PAHs and 

PCBs 

(Wang et 

al., 2019b) 

Worm (E. crypticus) PS 0.05–0.1 1 g/kg in oats Tetracycline 

(10 mg/kg) 

Ingestion of PS; Increased 

bioaccumulation of tetracycline; 

Increase in the diversity and 

abundance of ARGs in gut 

(Ma et al., 

2020) 
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microbiome; Gut microbiome 

dysbiosis. 

Worm (Enchytraeus 

crypticus) 

PA 13–150 2–12% (w/w in 

soil) 

/ Ingestion of PA; Reduced 

reproduction. 

(Lahive et 

al., 2019) 

Woodlice (P. scaber) PET 10–3000 0.5% (w/w in 

soil) 

Chlorpyrifos 

(0.2–2 mg/kg) 

Decreased bioaccumulation of 

chlorpyrifos; Increase in total 

hemocyte count; Slight 

alterations in immune processes. 

(Dolar et 

al., 2021) 

Woodlice (Porcellio 

scaber) 

PET 10–3000 0.02–1.5% (w/w 

in soil) 

/ Ingestion of PET; Reductions in 

energy reserve and feeding 

activity. 

(Selonen 

et al., 

2020) 

Collembolan (Crypto

pygus antarcticus) 

PS 0.1–100 / / Ingestion of PS. (Bergami 

et al., 

2020) 

Nematode 

(Caenorhabditis 

elegans) 

PS 1 1–100 μg/L / Ingestion of PS; Increase in ROS 

production; Intestinal damage. 

(Yu et al., 

2020) 

Springtail (Folsomia 

candida) 

PE <500  0.1–1% (w/w in 

dry soil) 

/ Avoidance behavior; Decrease in 

reproduction; Changes in the gut 

microbial community; Mortality. 

(Ju et al., 

2019) 

Snail (Achatina 

fulica) 

PET 1300 0.01–0.71 g/kg 

soil 

/ Ingestion and egestion of PET; 

Reduced food intake and 

excretion; Decrease in total 

antioxidant capacity in the liver; 

Intestinal villi damage. 

(Song et 

al., 2019c) 

Silkworm (Bombyx 

mori) 

PS 0.05–6 10 μg/L PS 

solution sprayed 

on mulberry 

leaves. 

/ Accumulation of PS in gut tissue 

and lumen; Alterations in gene 

expression; Oxidative stress; 

Reduced immunity to pathogens. 

(Muhamm

ad et al., 

2021) 

Mosquito (Culex 

pipiens) 

PS 2–15 50–200 

particles/mL 

/ Ingestion of PS; Ontogenic 

transference of PS; No impact on 

the growth or mortality. 

(Al-

Jaibachi et 

al., 2019) 
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Honey bees (Apis 

mellifera L.) 

PS 25 0.5–10 mg/L / Ingestion of PS; Alterations in 

gene expression; Changes in the 

gut microbiome. 

(Wang et 

al., 2021b) 

Rat PS 0.04 1–10 mg/kg 

body weight day 

/ Uptake of PS; High accumulation 

of PS in the testis; Endocrine 

disruption; Tissue and cell 

impairment; Reproductive 

toxicity; Alterations in gene 

expression. 

(Amereh 

et al., 

2020) 

Terrestrial birds Man-

made 

plastic 

500–

5000 

10.6 ± 6.4 

items/individual 

/ Ingestion of man-made plastic. (Zhao et 

al., 2016) 

Chicken feces LDPE 100–

1000 

129.8 ± 82.3 

particles/g 

/ Ingestion of LDPE; Reduced 

food consumption and the 

volume of the gizzards. 

(Huerta 

Lwanga et 

al., 2017) 

Human *       

Commercial bivalves PE, 

PET, & 

PA 

5–5000 2.1–10.5 items/g 
  

(Li et al., 

2015a) 

Canned sardines & 

sprats 

PP, 

PET, 

PE, & 

PVC 

200–

3800 

A total of 6 

items in 4 

out of 16 

brands. 

 
 

(Karami et 

al., 2018) 

Chicken gizzard / 100–

5000 

10.2 ± 13.8 

items/individual 

  
(Huerta 

Lwanga et 

al., 2017) 

Animal medicinal 

materials 

PET, 

rayon, 

PE, 

nylon, 

PP, 

PVC 

10–5000 1.80–7.80 

items/individual 

or 1.59–43.56 

items/g (dry 

weight) 

/ / (Lu et al., 

2020) 
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Carrot, lettuce, 

broccoli, potato, 

apple, & pear 

/ 1.5–2.5 26,000–310,000 

items/g 

  
(Conti et 

al., 2020) 

Take-out food Mainly, 

PS, PE, 

PET, & 

PP 

40–5000 3–29 

items/container 

  
(Du et al., 

2020) 

Edible salts Mainly, 

PE, PP, 

& PET 

100–

5000 

Sea salt: 0–13,629 items/kg; 

Rock salt: 0–148 items/kg; Lake 

salt: 28–462 items/kg 

 (Kim et 

al., 2018) 

Honey / >40 Fiber: 10–336 items/kg; 

Fragment: 2–82 items/kg 

 
(Liebezeit 

and 

Liebezeit, 

2015) 

Beer and tap water / 100–

5000 

0–14.3 items/L 

& 0–61 items/L 

  
(Kosuth et 

al., 2018) 

Milk PES & 

PSU 

100–

5000 

3–11 items/L 
  

(Kutralam-

Muniasam

y et al., 

2020) 

Human feces / 50–500 2 items/g / / (Schwabl 

et al., 

2019) 

 Intestinal epithelial 

cells (Caco-2) 

PS 0.05–0.1 25–200 μg/mL / Cellular internalization of PS; 

Slight cytotoxic/genotoxic 

effects. 

(Cortés et 

al., 2020) 

 Intestinal epithelial 

cells (Caco-2) 

PE 30–140 100–1000 

μg/mL 

TBBPA (10–

50 mg/L) 

Decrease in cell viability; 

Increased ROS generation; 

Reduction in mitochondrial 

membrane potential; Increased 

release of lactate dehydrogenase; 

(Huang et 

al., 2021) 
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Joint toxicity of PE with TBBPA 

to a certain degree. 

 Intestinal epithelial 

cells (Caco-2) 

PS 0.3–6 20–120 μg/mL BPA (20–120 

ng/mg) 

Cellular internalization of PS; 

Reduced cell viability; Increase 

in intracellular ROS production; 

Mitochondrial depolarization; 

Synergistic toxicity of PS with 

BPA. 

(Wang et 

al., 2020b) 

 Colorectal cells 

(Caco-2 & HT-29-

MTX) & 

lymphoblast cells 

(Raji-B) 

PS 0.05–0.1 1–200 μg/mL / Cellular internalization of PS; No 

significant effects on cell 

viability, membrane integrity, 

ROS production, DNA, and gene 

expression. 

(Domenec

h et al., 

2020) 

 Lung epithelial cells 

(BEAS-2B) 

PS 1.7–2.2 1–1000 μg/cm2 / Reduction in cell viability; 

Alterations in cell morphology; 

Increased ROS production; 

Cellular inflammatory response. 

(Dong et 

al., 2020a) 

 Alveolar epithelial 

cells (A549) 

PS 0.025–

0.07 

1.1–25 μg/mL / Cellular internalization of PS; 

Decrease in cell viability under 

high exposure concentrations; 

Cellular inflammatory response; 

Disturbance in cell cycle and 

apoptosis; Alterations in gene 

and protein expressions. 

(Xu et al., 

2019) 

 Alveolar epithelial 

cells (A549) 

PS 0.1 10–1000 μg/mL DBP & 

DEHP (5 

μg/mL) 

Cellular internalization of PS; 

Increase in cytotoxicity of DBP 

and DEHP under higher 

concentrations of PS; Decreased 

bioavailability of DBP and 

DEHP. 

(Shi et al., 

2021a) 
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 Hepatic cells 

(HepG2) 

PS, PS-

COOH, 

& PS-

NH2 

0.05 10–100 μg/mL / Cellular internalization of NPs; 

Decrease in cell viability; 

Cellular oxidative stress. 

(He et al., 

2020) 

 Cerebral cells 

(T98G) & cervical 

epithelial cells 

(HeLa) 

PE & 

PS 

PE: 0.1–

16; PS: 

0.04–10 

0.01–10 μg/mL / No significant effects on cell 

viability; Cellular generation of 

ROS in PE-treated T98G cells 

and PS treatments. 

(Schirinzi 

et al., 

2017) 

 Peripheral blood 

mononuclear cells 

(PBMCs), mast cells 

(HMC-1), & dermal 

fibroblasts (HDFs) 

PP 20–200 10–1000 μg/mL / No cytotoxicity for PP of >25 

μm; Decreased cell viability and 

increased ROS production under 

exposure to 1000 μg/mL of –20 

μm PP. 

(Hwang et 

al., 2019) 

Plastics: HDPE: high-density polyethylene; PA: polyamide; PAHs: polycyclic aromatic hydrocarbons; PES: polyethersulfone; PET: 

polyester; PMMA: polymethylmethacrylate; PP: polypropylene; PSU: polysulfone; PTFE: polytetrafluoroethylene. 

Contaminants: As: arsenic; Cd: cadmium; DBP: dibutyl phthalate; Phe: phenanthrene; HBCDDs: hexabromocyclododecanes; Ni: nickel; 

Cu: copper; PCBs: polychlorinated biphenyls; TBBPA: tetrabromobisphenol A; BPA: bisphenol A; DBP: dibutyl phthalate; DEHP: di-

(2-ethylhexyl) phthalate. 

Indicators: ARGs: antibiotic resistance genes; ROS: reactive oxygen species. 

* There is scarce direct evidence of MP ingestion by humans, so the findings of human feces and food sources are summarized.  The 

biological effects of MPs on human health are investigated using in vitro studies on human-derived cell lines because in vivo studies of 

humans are scarce.
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CHAPTER 3. SCIENTOMETRIC ANALYSIS OF BVOCS EMITTED FROM 

TERRESTRIAL SYSTEMS 

3.1. Background 

The Paris Agreement and SDGs are urging us to shift from fossil fuels to sustainable and renewable 

energy resources for the goal of carbon neutrality and emission reduction. Bioenergy is considered 

one of the promising alternatives because carbon sequestration and energy storage can be achieved 

through biological carbon capture and storage in biomass during solar-driven photosynthesis 

(Gaurav et al., 2017). Biofuel production primarily depends on CO2 capture and solar energy 

storage in terrestrial plants such as forests and energy crops, followed by carbon storage in 

litterfalls, residuals, and soils (Monforti et al., 2015). There is also a proportion of carbon loss that 

is released back to the atmosphere in the form of CO2 and VOCs during processes such as 

photosynthesis, respiration, and biomass burning, causing a controversy over the role of bioenergy 

in climate change mitigation (Favero et al., 2020). Besides GHGs, these volatiles should be 

considered in climate research due to their high reactivity and large bio-sources (Covey et al., 

2021). As the precursors to CO2, O3, PM, and SOA in many atmospheric reactions, VOCs are 

closely related to atmospheric chemistry and climate effects (Fares et al., 2012; Tani and Mochizuk, 

2021). Understanding their emissions could help better achieve SDG13 which is to “take urgent 

action to combat climate change and its impact”. 

 

BVOCs account for nearly 90% of total VOC emissions (Guenther et al., 2006). Studies related to 

BVOC emissions have ranged in terms of both spatial scale (e.g., leaf, individual, canopy, regional, 

national, global) and temporal scale (e.g., diurnal, phenological, seasonal, and annual). Based on 

measurements and simulations of BVOC emission rates and fluxes performed worldwide, 



45 

 

researchers have addressed diverse topics in the area of BVOC emissions, focusing particularly on 

isoprene and MTs, including biosynthesis mechanism, ecophysiological functions, emission 

inventories, and responses of BVOC emission to plant or microbe physiology and environmental 

factors (e.g., temperature, light, drought, etc.) (Li et al., 2017; Tang et al., 2019b). Although there 

have been efforts focusing on the assessment of BVOC emissions of forests at different scales, 

studies on the emissions from crops, including biofuel crops, are limited. Most previous studies 

also have not distinguished the individual contribution of plants or soil microbes to BVOC 

emissions from an ecosystem. Consequently, BVOC emissions have been regarded in most of these 

studies as emissions of PBVOCs, especially from vegetation such as trees, mosses, and ferns. 

SBVOCs, consisting of PBVOCs released from shedding vegetative parts (e.g., leaves, branches, 

bark, and stems) and living roots, and MVOCs, produced in the microbial decomposition of litter 

and SOM, have rarely been included in the emission estimates of ecosystem-BVOCs.  

 

Some efforts have been made to profile the literature on BVOC emissions in critical reviews. For 

example, Harrison et al. (2013a) reviewed volatile isoprenoid emissions from cell physiology to 

atmospheric remote sensing; Holopainen and Gershenzon (2010) outlined the main factors 

stressing PBVOC emissions; Calfapietra et al. (2013) summarized BVOC emissions from urban 

trees and their interactions with ozone concentration; Lun et al. (2020) provided a comprehensive 

review about BVOC emissions in Asia and their impacts on air quality and human health. SBVOC 

emissions and drivers for its sink and emission processes have been compiled in recent works 

(Peñuelas et al., 2014; Tang et al., 2019b). However, many previous reviews have been qualitative 

and subjective, largely based on personal knowledge and understanding, leading to a lack of overall 

structure in their characterizations of the intellectual landscape in this field. Although some 
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literature reviews on PBVOCs characterized the global scientific production and distribution 

through bibliometric analysis (Cheng et al., 2019; Li et al., 2017), few studies have analyzed in 

depth the body of research on BVOC emissions from plants and soils using advanced scientific 

tools such as burst detection. Consequently, it is difficult to grasp the features and emerging trends 

in existing research, identify consensus on salient topics, or anticipate future research directions.  

 

To bridge the above research gaps, there is an urgent need to conduct an in-depth scientometric 

study on BVOC emissions, encompassing SBVOCs, to provide a systematic and comprehensive 

review of the emissions and drivers of BVOCs and their contributions to air pollutants and GHGs. 

In the present study, scientometric characteristics and relationships among journal papers about 

BVOC emissions from the WoSCC spanning the period between 1991 and 2020 were analyzed 

and visualized using CiteSpace and Carrot2 (Chen, 2006). A network of keywords was created 

through co-word analysis to identify research hotspots during different time intervals and to 

visualize links between each selected keyword in CiteSpace. Besides, the evolution of popular 

research hotspots over time across fields was visualized through keyword clustering to clarify 

knowledge domains and emerging trends in CiteSpace and Carrot2. New research trends, mutations 

over time, and promising avenues of future research in this field were identified based on the burst 

detection of keywords or references in CiteSpace. This study expanded the definition of BVOCs, 

including PBVOCs and SBVOCs according to their producers, and analyzed the research evolution 

of BVOC emissions using scientometric analysis tools. Insights gained from these findings can be 

used to mitigate the negative impact of BVOC emissions and achieve sustainable environmental 

management for human-dominated terrestrial ecosystems. 
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3.2. Methodology 

3.2.1. Data collection and processing 

The framework of scientometric analysis is shown in Figure 3.1.  

 

Figure 3.1. The framework of scientometric analysis.
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Various databases might yield different results, but the Web of Science (WoS) database is regarded 

as one of the most common and reliable databases in most fields (Ouyang et al., 2018). Notably, 

abstracts were not included in documents before 1991, so only those published between 1991 and 

2020 were systematically reviewed and discussed based on the frequency of literature keywords 

over the past three decades (Li et al., 2017). Thus, studies were identified through a comprehensive 

search on WoSCC (Thomson Reuters, NY, USA) spanning the period from January 1991 to March 

2020. The search string was TS (Topic Search) = (T1) AND (T2) = (KB1 OR KB2 OR …) AND 

(KE1 OR KE2 OR …). Topic 1 (T1) represented BVOC-related keywords (KBi), including "biogenic 

volatile*", “BVOC*”, "biogenic VOC*", "microbial VOC*", "microbial volatile*", "biogenic 

emission*", "biogenic isopren*", "biogenic *terpen*", “MVOC*”, "biogenic NMVOC*", 

“BOVOC*”, "biogenic oxygenated volatile organic compound*", "non-methane volatile organic 

compound*". Topic 2 (T2) represented emission-related keywords (KEi), including “release*”, 

“emit*”, “emission*”, “flux*”, “exchange*”, “flow*”, “discharge*”, “uptake*”, “suspen*”, 

“deposit*”, “estimat*”, “model*”, “simulat*”, “measure*”, “observ*”. “AND” was used to link 

keywords between two topics, while “OR” was used to link keywords of T1 and T2, respectively. 

This search yielded 2,895 articles and reviews published in 72 countries or regions between 1991 

and 2020, with “Full Record and Cite References” in “Plain text” format for further scientometric 

analysis. The "Full Record" means the detailed bibliographic information of a particular research 

paper, mainly including author names, article titles, publication years, keywords, etc. The "Cite 

References" means the list of references cited within that paper. Duplicate papers were removed 

using Endnote X8, resulting in a revised total of 2,762 papers. KeyWords Plus terms must appear 

more than once in the bibliography and are ordered from multi-word phrases to single terms, while 

author keywords are included in records of articles from 1991 forward. Thus, KeyWords Plus terms 
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were deleted and only author keywords were included in this study. Synonymous keywords were 

merged, and synonyms used for this task were listed in Table 3.1.  

 

Table 3.1. Synonyms list 

Label Replaced term 

VOC Volatile organic compounds, volatile organic compound 

BVOC Biogenic volatile organic compounds, biogenic volatile organic compound, 

biogenic voc, Biogenic vocs, biogenic volatile organic compounds(bvocs), 

biogenic volatile organic compounds (bvocs), biogenic volatile organic 

compound (bvoc), biogenic volatile organic compound(bvoc) 

MVOCS Microbial volatile organic compounds, microbial volatile organic 

compound, microbial vocs, microbial volatile organic compounds (mvocs), 

microbial volatile organic compounds(mvocs) 

Sesquiterpene Sesquiterpenes 

SOA Secondary organic aerosol, secondary organic aerosols 

Aerosol Aerosols 

CO2 Carbon dioxide 

O3 Ozone 

PM2.5 Fine particles 

GC Gas chromatography 

SPME Solid phase microextraction (spme), solid- phase microextraction (spme) 

MEGAN Model of emissions of gases and aerosols from nature (megan), model of 

emissions of gases and aerosols from nature 

PTR-TOF-

MS 

Proton-transfer reaction time-of-flight mass spectrometer (ptr-tof-ms), 

proton-transfer reaction time-of-flight mass spectrometer 

PTR-MS Proton transfer reaction mass spectrometry (ptr-ms), proton-transfer-reaction 

mass spectrometry 

PCA Principal component analysis (pca), principal component analysis 

SESI-MS Secondary electrospray ionization mass spectrometry (sesi-ms), secondary 

electrospray ionization mass spectrometry 

 

3.2.2. Scientometric analysis 

In the present study, CiteSpace 5.6.R3 and Carrot2 were used to analyze and visualize research 

trends of BVOC emissions. CiteSpace 5.6.R3 is a free scientometric tool for the visualization of 

co-citation and co-word networks. Co-word analysis burst detection of keywords or references and 
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keyword clustering was conducted to identify hot research topics and frontiers and to detect sudden 

changes and emerging trends over time. Given that keywords signify the core content of a paper, 

based on the occurrence frequency and publication year of keywords, the co-word analysis 

conducted by CiteSpace reflected emerging trends, tracked changes in research topics over time, 

and uncovered useful information for projecting future research directions (Fang et al., 2017). The 

frequency of and cross-relationships between hot keywords were identified in this study. Any sharp 

increases in interest in a given research field were detected according to burst terms extracted from 

the title, author keywords, and abstract of each paper through a burst detection algorithm (Xiao et 

al., 2017). The citation bursts of keywords or references were detected, respectively. The cluster 

analysis of keywords divided the author keywords extracted from the 2,762 papers into multiple 

clusters, with a high similarity among keywords in each cluster and a high dissimilarity between 

various clusters (Su et al., 2019). Diverse research subtopics in all selected papers were identified. 

“Circles visualization”, created by Carrot2, was used to extract keywords of significance for the 

topical category analysis of each cluster (Fang et al., 2020).  

 

Notably, the parameter settings shown in Table 3.2 were set before conducting the above analysis. 

According to the CiteSpace manual (Chen, 2014), links and nodes are the cornerstones of 

visualization maps. A color spectrum shows the chronological occurrence of links and items, and 

a node indicates one keyword or reference. The node’s size reflects the frequency of keyword 

occurrence or reference citation. In a node, concentric circles with various colors indicate articles 

in different time series, where orange and blue respectively denote the newest and oldest 

occurrence, and an outer purple ring indicates good centrality. Links between nodes describe their 

relationships of co-occurrence or co-citation, where its color denotes the first year to establish 
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relationships and the thickness shows the connection strength between two nodes (de Castilhos 

Ghisi et al., 2020; Fang et al., 2017). Additionally, the modularity and homogeneity of a network 

are represented by the module value and overall mean silhouette, respectively. In our study, the 

clusters were numbered in descending order of cluster size, i.e., ID #0 represented the largest 

cluster, and so on. Cluster labels were summarized from literature keywords with mutual 

information (MI). However, labels varied due to different clustering methods, including the term 

frequency and inversed document frequency (TF*IDF, also namely LSI), log-likelihood ratio 

(LLR), and MI, so the top three terms of different methods were identified to improve context 

interpretation.  

 

Table 3.2. Parameter settings. 

Settings Value Description 

Publication 

Years 

1991-2020 Divide the time zone into 1 year 

Threshold Top50 Selected the top 50 high-frequency nodes in each time 

zone 

Pruning No pruning N. A 

Type of 

keywords 

Author keywords Author keywords (DE) 

Types of nodes Keywords  N. A 

 

3.3. Results and discussion 

3.3.1. Overview of keywords for BVOC studies 

Among the 2,762 documents from the period under study (1991–2020), 311 keywords on BVOC 

emissions with a total occurrence of 2,738 were found. Among them, 194 (62.4%) appeared twice 

each, 42 (13.5%) appeared over ten times each, while the large number of keywords used only 

once was not detected with this method. Previous scientometric studies conducted in this area 
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found that 62.4% to 81.0% appeared only once (Hu et al., 2010; Xie et al., 2008) and 10.0% to 

12.8% appeared twice (Hu et al., 2010; Li et al., 2017). This prevalence of keywords appearing 

only once in the literature likely suggested a lack of research continuity and emphasis discrepancy 

among studies in this field (Chuang et al., 2007); as such, we focused on high-frequency keywords 

and the relationships between them. Table 3.3 lists the top 30 keywords with the highest frequency 

in 1991–2020. This period was divided into three 10-year intervals (1991–2000, 2001–2010, and 

2011–2020) to ensure reasonable time spans for temporal analysis. Overall, the keyword frequency 

was found to increase over time, indicating that increasing attention has been paid to BVOC 

emissions. A network graph was created using CiteSpace based on keyword occurrences to reveal 

the relationships between these keywords. Figure 3.2 exhibits the cross-relationship between 

keywords. 

 

Table 3.3. Top 30 keywords with the highest frequency in 1991–2020. 

1991–2020 
 

1991–2000 
 

2001–2010 
 

2011–2020 
 

Ka Fb Ka Fb Ka Fb Ka Fb 

BVOC 270 Biogenic 

emission 

47 Isoprene 93 BVOC 18

4 

Isoprene 222 Isoprene 41 Biogenic 

emission 

81 VOC 10

9 

Biogenic 

emission 

194 Monoterpene 31 BVOC 77 Isoprene 88 

VOC 205 VOC 24 Monoterpene 75 O3 85 

Monoterpene 182 O3 13 VOC 72 Monoterpene 76 

O3 140 BVOC 9 O3 42 Biogenic 

emission 

66 

SOA 62 Terpene 9 Sesquiterpene 22 SOA 50 

Air quality 52 Emission 6 MVOC 14 Air quality 42 

Climate 

change 

48 Tropospheric 

ozone 

6 Climate 

change 

14 PM 40 

Sesquiterpene 45 Biogenic 

hydrocarbon 

5 Modeling 12 Source 

apportionment 

35 
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Source 

apportionment 

45 Hydrocarbon 4 SOA 12 Climate 

change 

34 

PM 43 NOx 4 Air quality 10 Air pollution 27 

Emission 39 Nitric oxide 4 Emission 10 Emission 23 

Air pollution 37 Temperature 4 Source 

apportionment 

10 MVOC 21 

MVOC 37 Seasonal 

variation 

4 Terpene 10 Sesquiterpene 21 

Emission 

inventory 

31 Pinus pinea 3 Air pollution 8 Emission 

inventory 

21 

Terpene 26 Biomass 

burning 

3 Emission 

inventory 

8 Aerosol 19 

Temperature 21 Quercus ilex 3 Seasonal 

variation 

7 Temperature 15 

Tropospheric 

ozone 

21 Vegetation 3 Emission 

factor 

6 Biomass 

burning 

14 

Aerosol 19 Relaxed Eddy 

Accumulation 

3 Formaldehyde 6 Drought 13 

Biomass 

burning 

19 Mediterranean 

vegetation 

3 Nitric oxide 6 PTR-MS 12 

PTR-MS 17 Sesquiterpene 2 Forest 6 Tropospheric 

ozone 

12 

CO2 17 Branch 

enclosure 

2 Emission rate 5 BVOC 

emission 

11 

Atmospheric 

chemistry 

15 Light 2 Monoterpene 

emission 

5 CO2 11 

Drought 13 MVOC 2 PTR-MS 5 Photosynthesis 10 

Seasonal 

variation 

13 Micrometeoro

logy 

2 Dry deposition 4 Fungi 10 

Fungi 13 Boreal forest 2 Alpha-pinene 4 MEGAN 10 

Photosynthesis 12 Leaf 

temperature 

2 Model 4 WRF-CHEM 9 

Anthropogenic 

emission 

12 Air pollution 2 Spatial 

distribution 

4 Nitrogen oxide 9 

Modeling 11 Plant 

physiology 

2 PM 4 Anthropogenic 

emission 

9 

Total 1862  247  636  10

77 

Note: a Keywords; b Frequency. WRF-CHEM: Weather Research and Forecasting (WRF) model 

coupled with Chemistry. 
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Results showed “BVOC”, “biogenic emission”, “VOC”, “isoprene”, and “monoterpene” were the 

top five keywords, much higher than other keywords analyzed in 1991–2020 (Table 3.3 and Figure 

3.2). The advancement of “isoprene” and “monoterpene” suggested that compound-based research 

has been an area of special focus during the period investigated. Isoprene and MTs are the top 

abundant VOCs with high reactivity produced by deciduous and coniferous plants, respectively 

(Feng et al., 2019). The frequency was found to be over 45 for several keywords, including “O3”, 

“SOA”, “air quality”, and “climate change”, which are all closely related to atmospheric chemistry 

and climate effects. BVOCs may participate in many atmospheric processes as precursors to CO2, 

O3, SOA, and PM. SOA accounts for a large proportion of PM2.5 and has significant effects on 

human health and climate change (Rohr, 2013). Aerosol particles, as an important component of 

the GHGs, not only have a direct effect on global warming but also cause changes in cloud 

properties that will have a long-term impact on the global climate and environmental chemistry 

(Cai et al., 2019a; Cai et al., 2019b). Increased SOA might increase aerosol scattering and further 

diffuse radiation, making clouds more reflective and providing cooling effects (Sporre et al., 2019).
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Figure 3.2. Co-keyword analysis of research related to BVOC emissions during 1991-2020 from the view of (a) cross-relationship and 

(b) cluster network (produced by CiteSpace). 
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3.3.2. Research hotspots based on cluster analysis 

Cluster analysis reveals a clear structure of underlying subtopics. Figure 3.2 (b) illustrates ten 

clusters in BVOC emission research, with the largest and smallest size respectively being #0 and 

#9, labelled with keywords using the MI algorithm. The modularity Q of 0.4442 was not very high. 

This indicated that the research network was reasonably categorized into coupling clusters, but 

these clusters had small overlapping parts. The overall average silhouette score was 0.3523 (Table 

3.4). This meant that the average homogeneity of ten clusters was not quite high, possibly because 

of the effect of overlapping parts. The silhouette of each cluster exceeded 0.5 and over half of the 

clusters had a value greater than 0.8. This indicates that keywords matched well to their clusters 

but poorly to adjacent clusters; therefore, it can be concluded that the cluster results of this research 

were typical, valid, and reliable.  

 

Table 3.4. Parameter description. 

Parameters Description 

Version V. 5.6.R4 (64-bit) 

Network N=311, 

E=1055 

(density=0.0219) 

Number of network nodes: 311, number of connections: 1055, 

network density: 0.0219 

Modularity Q=0.4442 The network module value is generally in the [0,1) interval. If 

Q>0.3, it means that the separated community structure is 

significant. 

Overall Mean 

Silhouette S=0.3523 

When S>0.7, the clustering is significant. If S>0.5, the clustering is 

reasonable. 

 

The top three terms of the three clustering methods were summarized to improve context 

interpretation, as presented in Table 3.5, while only labels generated by the MI method were shown 

in Figure 3.2 (b) and Figure 3.3 to avoid meaningless and repetitive information. Figure 3.3 

summarizes ten clusters of BVOC emission studies with changes over time using CiteSpace. 
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Further analysis on the topical category of each cluster was conducted using Carrot2, shown in 

Figure 3.4-3.6. Overall, research in BVOC emission mainly included: (a) BVOCs: composition, 

emission, and drivers (Cluster #0, #4, #6); (b) biosphere-atmosphere exchange: source and fate, 

oxidation products (Cluster #1, #2, #5, #9); and (c) plant-microbe interactions: microbial and soil 

BVOCs (Cluster #3, #7, #8).  
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Table 3.5. Summary of 10 clusters for the research hotspots during 1991-2020. 

Hotspot 

ID 

Cluster ID Size Silhouette Mean (year) Label (LSI) Label (LLR) Label (MI) 

(a) 0 53 0.535 2008 monoterpenes; 

seasonal variation; 

bvoc composition 

isoprene; 

monoterpenes; 

bvoc 

biogenic compounds; 

benzenoids; plant 

wounding 

4 25 0.874 2005 erica arborea; myrtus 

communis; quercus 

cerri 

pinus pinea; sift-

ms; ptr-ms 

chemometrics; 

acetaldehyde; nonan-

2-one 

6 23 0.775 2008 forest fires; biomass 

burning; isoprenoids 

forest fires; air 

chemistry; flash 

pyrolysis 

isoprenoids; ec-tracer; 

uncertainty analysis 

(b) 1 43 0.729 2011 source apportionment; 

methyl vinyl ketone; 

methacrolein 

source 

apportionment; 

cmaq; land use 

pm2.5; leaf 

temperature; pearl 

river delta 

2 41 0.68 2009 particulate matter; 

model evaluation; 

central-eastern Europe 

model evaluation; 

regional transport; 

nitrogen oxides 

human health; pm2.5 

speciation; 

photochemical 

reactivity 

5 25 0.868 2009 biogenic emissions; 

solid-phase 

microextraction; 

nondestructive 

analysis 

vacuum-assisted 

extraction; grape 

skin; solid-phase 

microextraction 

biosphere-atmosphere 

exchange; atmosphere-

biosphere trace gas 

exchanges; Amazonia 

9 6 0.937 2008 speciated voc 

oxidation; tropospheric 

chemistry; degradation 

mechanisms 

mechanism 

reduction; 

degradation 

mechanisms; 

speciated voc 

oxidation 

isoprene; bvoc; 

mechanism reduction 
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(c) 3 36 0.879 2012 photosynthesis; radial 

stem growth; 

European beech 

bacteria; fungi; 

rhizobacteria 

plant-microbe 

interactions; 

conservation biology; 

hormone signalling 

7 16 0.851 2009 temperature; 

seasonality; 

decomposition 

decomposition; 

temperature; 

climate change 

soil uptake; chemistry; 

Mediterranean woody 

species 

8 11 0.851 2011 sensible heat; 

boundary layer; 

vertical profiles 

omi; ch4; ndvi biogenic no emission; 

boreal pine forest; 

meteorological effects 

Size is the number of references that a cluster contains. Clusters are referred to in terms of the labels selected by the LLR, TF*IDF, and 

MI tests.  
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Figure 3.3. Citation relationship and logical grouping of relevant topics about BVOC emissions during 1991-2020 (produced by 

CiteSpace). 
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The first significant hotspot was focused on BVOCs and consisted of three subclusters, as per 

Table 3.5 and Figure 3.3-3.4. Studies in this hotspot have been related to (1) estimation methods 

(e.g., chemometrics, symptoms, uncertainty analysis, gas chromatography, model); (2) BVOC 

compounds and emission trends (e.g., isoprene, MTs, isoprenoids, benzenoids, acetaldehyde, 

nonan-2-one, seasonal and regional variation, plant species); and (3) emission drivers (e.g., 

mechanical wounding, climate warming, elevated CO2, forest fires). Three articles in this area with 

the strongest bursts were all related to a BVOC emission model, namely MEGAN, with the 

strengths of 66.8, 90.9, and 107.5, as well as citations of 140, 266, and 310, during the periods, 

1996–2003, 2007–2014, and 2014–2020, respectively. This indicates that MEGAN was a widely 

known bottom-up model to estimate BVOC emissions from terrestrial ecosystems at both the 

global and regional scales throughout the study period. 

 

 

Figure 3.4. Subclusters of BVOCs: composition, emission, and drivers (Cluster #0, #4, #6) 

(produced by Carrot2). 

 

The second significant hotspot was the biosphere-atmosphere exchange, consisting of four 

subclusters as per Table 3.5, Figure 3.3, and Figure 3.5. Studies in this hotspot were related to the 



62 

 

fate of BVOCs in biosphere-atmosphere exchange, including (1) source apportionment (model 

evaluation, photochemical reactivity, human health, climate change); and (2) degradation 

mechanisms and oxidation products (O3, SOA, PM, nondestructive analysis, vacuum extraction 

(VE), solid-phase microextraction (SPME)).  

 

 

Figure 3.5. Subclusters of biosphere-atmosphere exchange: source and fate, oxidation products 

(Cluster #1, #2, #5, #9) (produced by Carrot2). 

 

“O3” has consistently drawn attention in atmospheric chemistry research since 1991, while some 

new research areas have also emerged in this field, such as “SOA” during 2001–2010 and “PM” 
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during 2010–2020 (Table 3.3). The top ten articles with the strongest bursts, published during 

2005–2015 and frequently cited during 2006–2020, were primarily related to isoprene degradation 

and SOA formation, with strengths between 23.5 and 51.7 and citations between 94 and 193 (Table 

3.6). This indicates that SOA has drawn widespread public attention due to its adverse effects on 

air quality and human health. Researchers worldwide have studied the mechanism of SOA 

formation with different BVOCs (e.g., isoprene, MTs, SQTs, and other reactive chemicals). The 

diversity of SOA formation pathways (e.g., gas-phase reactions, aqueous-phase oxidation, 

heterogeneous acid-catalyzed reactions, and oligomerization reactions) has caused large 

discrepancies and uncertainties in findings (Amin et al., 2013; Hansel et al., 2015). Moreover, 

studies on PM, including the contribution of BVOCs to PM concentrations, the mechanism of new 

particle formation, as well as BVOC and PM fluxes over forests, have become increasingly popular 

research topics during 2010–2020. Combining high BVOC emissions with active photochemical 

reactions enhanced various gas- and particle-phase SOA and likely promoted the synchronous 

formation and growth of PM2.5 and O3 at regional scales (Wang et al., 2016a). For example, BVOC-

derived SOA has been found to account for 9–29% of total PM2.5 in urban districts in Birmingham, 

UK (Heal et al., 2011).   
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Table 3.6. Top 362 references with the strongest citation bursts (produced by CiteSpace). 

References Year Strength Begin End 1991 - 2020 

TRAINER M, 1987, J GEOPHYS RES-

ATMOS, V92, P11879, DOI  

1987 3.8932 1991 1995 ▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

JUUTI S, 1990, J GEOPHYS RES-ATMOS, 

V95, P7515, DOI  

1990 3.9379 1991 1998 ▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

JACOB DJ, 1988, J GEOPHYS RES-

ATMOS, V93, P1477, DOI  

1988 8.1922 1991 1996 ▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

TRAINER M, 1987, NATURE, V329, P705, 

DOI  

1987 5.8421 1991 1995 ▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

LAMB B, 1987, ATMOS ENVIRON, V21, 

P1695, DOI 

1987 14.9572 1991 1995 ▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

CHAMEIDES WL, 1988, SCIENCE, V241, 

P1473, DOI 

1988 16.4122 1991 1996 ▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

ZIMMERMAN PR, 1988, J GEOPHYS RES-

ATMOS, V93, P1407, DOI  

1988 5.038 1991 1996 ▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Davidson E A, 1991, MICROBIAL 

PRODUCTION AND CONSUMPTION OF 

GREENHOUSE GASES: METHANE, V0, 

P0 

1991 3.6122 1992 1997 ▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

ANDERSON IC, 1987, J GEOPHYS RES-

ATMOS, V92, P965, DOI 

1987 4.7597 1992 1993 ▂▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

SLEMR F, 1991, J GEOPHYS RES-ATMOS, 

V96, P13017, DOI  

1991 3.6122 1992 1997 ▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

DAVIDSON EA, 1991, J GEOPHYS RES-

ATMOS, V96, P15439, DOI  

1991 7.8337 1992 1997 ▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

ANDERSON IC, 1988, J GEOPHYS RES-

ATMOS, V93, P3893, DOI  

1988 5.7095 1992 1996 ▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

WILLIAMS EJ, 1991, J GEOPHYS RES-

ATMOS, V96, P1033, DOI  

1991 3.6122 1992 1997 ▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

http://dx.doi.org/10.1029%2FJD092iD10p11879
http://dx.doi.org/10.1029%2FJD092iD10p11879
http://dx.doi.org/10.1029%2FJD095iD06p07515
http://dx.doi.org/10.1029%2FJD095iD06p07515
http://dx.doi.org/10.1029%2FJD093iD02p01477
http://dx.doi.org/10.1029%2FJD093iD02p01477
http://dx.doi.org/10.1038%2F329705a0
http://dx.doi.org/10.1038%2F329705a0
http://dx.doi.org/10.1016%2F0004-6981%2887%2990108-9
http://dx.doi.org/10.1016%2F0004-6981%2887%2990108-9
http://dx.doi.org/10.1126%2Fscience.3420404
http://dx.doi.org/10.1126%2Fscience.3420404
http://dx.doi.org/10.1029%2FJD093iD02p01407
http://dx.doi.org/10.1029%2FJD093iD02p01407
http://dx.doi.org/10.1029%2FJD092iD01p00965
http://dx.doi.org/10.1029%2FJD092iD01p00965
http://dx.doi.org/10.1029%2F91JD01028
http://dx.doi.org/10.1029%2F91JD01028
http://dx.doi.org/10.1029%2F91JD01476
http://dx.doi.org/10.1029%2F91JD01476
http://dx.doi.org/10.1029%2FJD093iD04p03893
http://dx.doi.org/10.1029%2FJD093iD04p03893
http://dx.doi.org/10.1029%2F90JD01903
http://dx.doi.org/10.1029%2F90JD01903
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SHEPHERD MF, 1991, ATMOS ENVIRON 

A-GEN, V25, P1961, DOI  

1991 4.8176 1992 1997 ▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

JOHANSSON C, 1988, J GEOPHYS RES-

ATMOS, V93, P7180, DOI  

1988 7.6156 1992 1996 ▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

SANHUEZA E, 1990, J GEOPHYS RES-

ATMOS, V95, P22481, DOI  

1990 7.3781 1992 1998 ▂▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Levine JS, 1988, GLOBAL BIOGEOCHEM 

CY, V2, P445, DOI  

1988 3.8048 1992 1996 ▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

WINER AM, 1992, ATMOS ENVIRON A-

GEN, V26, P2647, DOI  

1992 9.4586 1993 2000 ▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

ATKINSON R, 1990, ATMOS ENVIRON A-

GEN, V24, P1, DOI  

1990 5.8116 1994 1998 ▂▂▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

KUZMA J, 1993, PLANT PHYSIOL, V101, 

P435, DOI 

1993 5.8116 1994 1998 ▂▂▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

MACDONALD RC, 1993, ATMOS 

ENVIRON A-GEN, V27, P1709, DOI 

1993 4.991 1994 2001 ▂▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

JANSON RW, 1993, J GEOPHYS RES-

ATMOS, V98, P2839, DOI  

1993 14.5094 1994 2001 ▂▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

LAMB B, 1993, ATMOS ENVIRON A-GEN, 

V27, P1673, DOI  

1993 21.5531 1994 2001 ▂▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

AREY J, 1991, ATMOS ENVIRON A-GEN, 

V25, P1063, DOI  

1991 7.558 1994 1998 ▂▂▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

AREY J, 1991, J GEOPHYS RES-ATMOS, 

V96, P9329, DOI  

1991 4.4276 1994 1999 ▂▂▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

MONSON RK, 1989, PLANT PHYSIOL, 

V90, P267, DOI  

1989 4.5363 1994 1996 ▂▂▂▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

MCKEEN SA, 1991, J GEOPHYS RES-

ATMOS, V96, P15377, DOI  

1991 4.648 1994 1998 ▂▂▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

GUENTHER AB, 1993, J GEOPHYS RES-

ATMOS, V98, P12609, DOI  

1993 46.9194 1994 2001 ▂▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

FUJITA EM, 1992, J AIR WASTE 

MANAGE, V42, P264, DOI  

1992 4.6712 1994 1995 ▂▂▂▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

http://dx.doi.org/10.1016%2F0960-1686%2891%2990277-E
http://dx.doi.org/10.1016%2F0960-1686%2891%2990277-E
http://dx.doi.org/10.1029%2FJD093iD06p07180
http://dx.doi.org/10.1029%2FJD093iD06p07180
http://dx.doi.org/10.1029%2FJD095iD13p22481
http://dx.doi.org/10.1029%2FJD095iD13p22481
http://dx.doi.org/10.1029%2FGB002i004p00445
http://dx.doi.org/10.1029%2FGB002i004p00445
http://dx.doi.org/10.1016%2F0960-1686%2892%2990116-3
http://dx.doi.org/10.1016%2F0960-1686%2892%2990116-3
http://dx.doi.org/10.1016%2F0960-1686%2890%2990438-S
http://dx.doi.org/10.1016%2F0960-1686%2890%2990438-S
http://dx.doi.org/10.1104%2Fpp.101.2.435
http://dx.doi.org/10.1104%2Fpp.101.2.435
http://dx.doi.org/10.1016%2F0960-1686%2893%2990233-O
http://dx.doi.org/10.1016%2F0960-1686%2893%2990233-O
http://dx.doi.org/10.1029%2F92JD02394
http://dx.doi.org/10.1029%2F92JD02394
http://dx.doi.org/10.1016%2F0960-1686%2893%2990230-V
http://dx.doi.org/10.1016%2F0960-1686%2893%2990230-V
http://dx.doi.org/10.1016%2F0960-1686%2891%2990148-Z
http://dx.doi.org/10.1016%2F0960-1686%2891%2990148-Z
http://dx.doi.org/10.1029%2F91JD00447
http://dx.doi.org/10.1029%2F91JD00447
http://dx.doi.org/10.1104%2Fpp.90.1.267
http://dx.doi.org/10.1104%2Fpp.90.1.267
http://dx.doi.org/10.1029%2F91JD01282
http://dx.doi.org/10.1029%2F91JD01282
http://dx.doi.org/10.1029%2F93JD00527
http://dx.doi.org/10.1029%2F93JD00527
http://dx.doi.org/10.1080%2F10473289.1992.10466989
http://dx.doi.org/10.1080%2F10473289.1992.10466989
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GERY MW, 1989, J GEOPHYS RES-

ATMOS, V94, P12925, DOI  

1989 6.1618 1994 1997 ▂▂▂▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Fehsenfeld F, 1992, GLOBAL 

BIOGEOCHEM CY, V6, P389, DOI 

1992 31.8719 1994 2000 ▂▂▂▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

GUENTHER AB, 1991, J GEOPHYS RES-

ATMOS, V96, P10799, DOI  

1991 23.9069 1994 1999 ▂▂▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

[Anonymous], 1991, RETHINKING OZONE 

PRO, V0, P0 

1991 7.3444 1994 1995 ▂▂▂▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

SILLMAN S, 1990, J GEOPHYS RES-

ATMOS, V95, P1837, DOI  

1990 5.2297 1994 1998 ▂▂▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

PIERCE TE, 1991, J AIR WASTE 

MANAGE, V41, P937, DOI  

1991 5.2788 1995 1998 ▂▂▂▂▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 
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The final significant hotspot identified in the literature was plant-microbe interactions, consisting 

of three subclusters as per Table 3.5, Figure 3.3, and Figure 3.6. Studies in this hotspot were related 

to topics including (1) plant-microbe communications (e.g., seasonality, microbe, soil, plant); and 

(2) SBVOCs emission (e.g., photosynthesis, decomposition, temperature, meteorological effects, 

climate change, vertical profiles). “MVOC” has drawn increasing public attention over time, with 

keyword frequencies ranging from 2 to 21 (Table 3.3). The top four articles with the strongest 

bursts, published during 1991–2014 and frequently cited during 1996–2020, were primarily related 

to the impact of airborne pollutants on plants through the uptake of soils and roots and the exchange 

of VOCs between soils and atmosphere, with the strengths of 8.1–8.9 (Table 3.6).  

 

 

Figure 3.6. Subclusters of plant-microbe interactions: microbial and soil BVOCs (Cluster #3, #7, 

#8) (produced by Carrot2). 

 

3.3.3. Preliminary evolution of the research hotspots  

The evolution of research hotspots of BVOC emissions was ascertained preliminarily from 

keyword citation bursts, listed in Table 3.7, showing the top 362 references and 14 keywords with 

citation bursts, respectively. Biogenic hydrocarbon and isoprene emissions were identified as 
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research hotspots that have been trending since 1991, while MTs and SQTs were identified as 

topics that have been attracting researchers’ attention since 2005. VOC emissions from rotted plant 

materials and soil microorganisms have also been an area of consideration in BVOC emission 

studies beginning in 2008. Notably, the formation of aerosols and PM through BVOC oxidation 

and the emission of BVOCs from ecosystems, including plants and soil microorganisms, were 

identified as topics that have garnered increasing attention since 2014, and which may continue to 

trend in this direction in future.  

 

Table 3.7. Top 14 keywords with the strongest citation bursts (produced by CiteSpace). 

Keywords Year Strength Begin End 1991 - 2020 

Biogenic 

emission 

1991 23.2934 1992 2003 ▂▂▂▂▂▃▃▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Isoprene 1991 11.9757 1994 2003 ▂▂▂▂▂▂▂▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Terpene 1991 3.6037 1994 2000 ▂▂▂▂▂▂▂▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 
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Aerosol 1991 5.0014 2014 2020 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃ 

Drought 1991 4.1565 2015 2020 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃ 

PM 1991 3.4987 2016 2020 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Plant-microbe 

interaction 

1991 3.5884 2017 2020 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Note: The small rectangles in the rightmost column denote the 30 years 1991–2020 and the red 

indicates that citations increase dramatically. 
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3.3.4. Publication distribution among reclassified hotspots  

Of the 362 references with citation bursts, six lacked valid information, while 157, 142, and 19 

publications were concentrated on hotspots (a), (b), and (c), respectively, as per Table 3.6 and 

Figure 3.7. Hotspots (a) and (b) were found to have been studied simultaneously in 38 publications 

since 1991, a finding which suggests that, within the field of atmospheric chemistry and climate 

change, BVOCs as precursors of aerosols and pollutants have drawn attention since the early stage 

of BVOC emission studies. Only three of 19 publications in the hotspot (c) were concentrated on 

SBVOC emissions, while others were related to soil fluxes of nitrogen oxides (NOx), which means 

that further work focused on SBVOC emissions is required. Among 362 references, nearly half of 

them were conducted with measurements while review papers had the highest average citation 

strengths compared to observations and simulations. This means that modeling BVOC emissions, 

especially from soils and their interactions with oxidation products is required in future.  

 

 

Figure 3.7. Publication distributions of the study methodology of different hotspots among 356 

references with citation bursts. 
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After the search period, the pandemic began and caused a global lockdown, probably affecting 

anthropogenic activities and environmental impacts, so we further extended this search to May 

2021. Recent studies found that emissions of AVOCs, e.g., benzene, toluene, ethylbenzene and 

xylenes (BTEX), were more affected by lockdown compared to BVOCs including HCHO and 

isoprene (Pakkattil et al., 2021; Sbai et al., 2021). This pandemic has caused the resurgence of 

studies on BVOCs and human health due to the healing effects of BVOCs, e.g., α-pinene, d-

limonene, and 3-carene, on human physiological and mental health (Choi et al., 2021; Zabini et 

al., 2020). For example, Mediterranean plants reduced COVID-19 mortality in Italian forested 

areas due to some immuno-modulating PBVOCs (Roviello and Roviello, 2021; Sytar et al., 2021). 

This indicates that finding PBVOCs for the development of natural antivirals might be a future 

direction. 

 

3.3.5. Sources and sinks of SBVOCs  

Soil and litterfall released small amounts of ethanol but high amounts of terpenes (i.e., 

approximately 12% to 136% of canopy MT emissions) and BOVOCs (e.g., MeOH, acetaldehyde, 

and acetone) (Faiola et al., 2014; Schade et al., 2011). As an important source of C1−C3 BOVOCs, 

global decaying and dried vegetation emitted 6.8 to 15 Tg C yr−1 MeOH and 3.7 to 5 Tg C yr−1 

acetone (Fall, 2003). Aldehydes (e.g., acrolein) were primarily produced by living and fresh leaves, 

and then subsequently volatilized more from green biomass than microbial degradation of decayed 

leaf litter (Figure 3.8). Notably, sustainable bioenergy resources, such as ethanol, CH4, and 

hydrogen, could be produced from bioresources including agricultural and other biomass residues, 

i.e., corn stover, wheat straw and forest residues, through human-controlled microbial processes 
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(Gaurav et al., 2017). Although there were BVOC and GHG emissions from soils or residues, 

biomass stored in residues could significantly reduce GHG emissions from fossil energy burning 

and improve energy independence (Zheng and Qiu, 2020).  

 

 

Figure 3.8. The presence of aldehydes (e.g., acrolein) in decaying leaf litter on the forest floor 

(Ehrlich and Cahill, 2018).  

 

Previous studies found forest floor is an important contributor to forest-scale BVOC emissions due 

to the synthesis and emission of BVOCs from shedding vegetation and living roots as well as the 

microbial decomposition of litter and SOM (Cai et al., 2020; Feng et al., 2020). Its BVOC fluxes 

showed a seasonal trend with the greatest fluxes being in summer and spring, while its 

contributions of forest-stand fluxes varied between seasons with the smallest being in summertime 

(below 5% of forest-stand fluxes) and the greatest being in autumn. Compared to forest-scale 
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fluxes, SBVOC fluxes accounted for 1-72% of MeOH in spring and early summer and 2-93% of 

MT in spring and autumn in the northern hemisphere (Maki et al., 2019). BVOC emissions from 

soils were typically 1 to 2 orders of magnitude below those from above-ground plants (Penuelas 

et al., 2014). For example, net BVOC emissions from soil and roots contributed only negligibly to 

forest-scale emissions from well-drained heathlands beyond the growing period (Rinnan et al., 

2013).  

 

SBVOC emissions could reach the same magnitude as canopy emissions under the right 

combination of conditions, including temperatures, pH, SOM, and soil moisture, for specific 

ecosystems (Penuelas et al., 2014). For instance, frequent forest wildfires and permafrost thawing 

in boreal forests as a result of global warming will affect BVOC emissions, as these changes will 

increase microbial decomposition of SOM and alter the vegetation composition of the forest floor. 

MT emissions from high-temperature soils in summer, meanwhile, could increase with the 

increasing availability of nitrogen (Loreto and Sharkey, 1993). Forest wildfires will result in a 

decrease in vegetation coverage and SOM decomposition, and consequently lower BVOC 

emissions than before the wildfires (Zhang-Turpeinen et al., 2020a). SBVOC emissions tend to 

increase with the product of soil pH with SOM because pH can affect nutrient availability and 

microorganism physiology (Abis et al., 2018; Chen et al., 2020). Moreover, the increased soil 

moisture caused by SOM may promote the increased amount and diversity of BVOCs in anaerobic 

conditions—rather than CO2 as the end product of microbial decomposition in aerobic 

conditions—emitted from soils in microsites (Seewald et al., 2010; Yao et al., 2020). Nonetheless, 

the increased soil moisture will cause a decrease in BVOC emissions from the hemi-boreal forest 

floor. This is due to decreases in gas diffusion in soil, together with increases in microbial VOC 
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uptake in soil, VOC dissolution into soil water, wet deposition of VOCs on the soil surface, and 

VOC leaching towards underlying soil layers and even the bedrock (Maki et al., 2019). In general, 

the net deposition of BVOCs is correlated inversely with ambient concentrations, and it will 

decrease due to the above-ground presence of non- or low-emitting plants (Spielmann et al., 2017). 

The sources and sinks of SBVOCs and the drivers for sink and emission processes, it should be 

noted, have been studied in recent work (Tang et al., 2019a). However, soil VOC fluxes have not 

been considered when modelling global BVOC emissions from terrestrial ecosystems. Future 

attention should be given to manipulated or long-term measurements of SBVOC emissions, 

including root and litter emissions and microbial decomposition responding to diverse 

environmental factors in primary soil types at stand scales. 

 

3.3.6. Effects of anthropogenic activities on BVOC emissions 

Studies related to the source apportionment and degradation mechanism of VOCs are essential for 

abatement measures of ground-level O3, SOA, and PM. Compared to biogenic emissions, 

anthropogenic emissions from transportation and industrial sources played a key role in the 

production and emission of VOCs, O3, SOA, and PM in urban areas (Figure 3.9 and Table 3.8). In 

most cases, the industry was the largest contributor to concentrations of VOCs, O3, and SOA (7.5-

66.1%, 11.5-65.0%, and 25.7-33.0%, respectively), followed by transportation emissions (15.0-

64.3%, 12.5-39.0%, and 3.3-34.0%, respectively). Apart from traffic and industrial sources, SOAs 

and secondary inorganic aerosols (SIAs) were an important contributor to PM concentration 

(32.5±25.9%). Thus, the reduction of industrial solvents and daily automobiles using fossil energy 

sources may be beneficial to air quality in urban cities. However, concerning the VOC-derived 

pollutants, biogenic emissions were found to be a higher relative contributor compared to 
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automobile, residential, and industrial emissions during the summertime (Escudero et al., 2015). 

Isoprene emission was usually related to local emissions sources, while MTs trends were more 

likely associated with distant sources (Detournay et al., 2013). The contribution of biogenic 

sources to isoprene emission in rural areas was significantly higher than that in urban areas (over 

90% for rural versus 30–40% for urban) (Kashyap et al., 2019).  

 

Figure 3.9 (b-d) shows that the biogenic source was the largest contributor of O3, SOA, and PM 

derived from precursor VOCs in most cases. Methylglyoxal (MGO) and HCHO were the major 

oxidation products of methyl vinyl ketone (MVK) and methacrolein (MACR), which were the 

main intermediate products of isoprene’s photochemical oxidation (Ling et al., 2019). HCHO, 

mainly distributed in 0–100 m and derived from biogenic emissions (particularly oxidation of 

BVOCs with 37%) and biomass burning with energy transfers (Xing et al., 2020), was the top 

contributor to O3 pollution in urban cities. As such, reducing VOC emissions of major chemical 

species was higher effective than controlling their total emissions for air pollution control (Kumar 

et al., 2019; Zhu et al., 2020a).  
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Figure 3.9. Source-sector contributions (%) to total VOCs, O3, SOA, and PM (a) and to partial 

PM (b), SOA (c), and O3 (d) derived from precursor VOCs. Detailed study information and 

references included in this figure are listed in Table 3.8. 
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Table 3.8. Previous studies about source appointment of VOCs, O3, SOA, and PM.  

Category Study Method Region and time Ta Ib Rc FEd FCe Bf Others SOA SIA 

VOCs Sarkar et al. 

(2017) 

PMF1 Kathmandu Valley, 

Bagmati Pradesh, 

Nepal, 2012-2013 

16.8 31.9 10.9 10.8 10.4 10.0 9.2 
  

Yadav et al. 

(2019)  

PMF western India, 2015 19.0 40.0 
 

23.0 11.0 7.0 
   

Baudic et 

al. (2016) 

PMF Paris megacity, 

France, 2010 

15.0 20.0 
 

10.0 18.0 15.0 22.0 
  

Brown et 

al. (2007) 

PMF Azusa and 

Hawthorne, USA, 

2001 

23.0 7.5 
 

32.5 35.0 2.0 
   

Song et al. 

(2019b) 

CMB2 / 

PMF / 

CTM3 

Seoul, Korea, 2013-

2015 

44.0 42.0 
  

4.0 6.0 4.0 
  

Jorquera 

and 

Rappengluc

k (2004) 

UNMIX4 / 

PMF 

Santiago, Chile, 1996 

spring 

64.3 
  

29.5 
 

6.3 
   

Wang et al. 

(2013) 

PMF Shanghai, China, 

2009-2010 

47.6 41.7 
  

5.0 5.8 
   

Wang et al. 

(2020a) 

PMF Nanjing, China, 2016 38.9 23.6 37.6 
      

Zhao et al. 

(2017) 

PCA5/APC

S6 

Jiangsu, China, 2005-

2014 

15.4 66.1 
  

12.4 
 

6.0 
  

Guo et al. 

(2007) 

PCA/APCS Hong Kong, China, 

2002-2003 

41.8 28.0 
 

16.8 12.8 0.8 
   

Yuan et al. 

(2009) 

PMF Beijing, China, 2006 29.0 39.5 
 

21.5 4.5 5.5 
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An et al. 

(2014) 

PCA/APCS Nanjing, China, 

2011-2012 

38.5 33.5 
 

20.3 
 

2.3 5.5 
  

Yang et al. 

(2019) 

NAQPMS7 PRD15, China, 2016 31.7 58.2 
  

3.8 
 

6.0 
  

Song et al. 

(2019a) 

PMF Langfang, north 

China, 2016-2017 

44.8 25.4 
  

24.9 4.9 
   

Cai et al. 

(2010) 

PMF / 

MIR8 

Shanghai, China, 

2007-2010 

25.0 44.0 
 

15.0 16.0 
    

Zhang et al. 

(2019) 

PMF Guilin, southwest 

China, 2018 

28.3 26.9 
 

35.3 
 

9.5 
   

O3 Farooqui et 

al. (2013) 

CAMx9 / 

OSAT10 

Texas, USA, 2002 

September 

30.5 19.3 7.5 
  

14.8 28.0 
  

Zhang et al. 

(2017) 

CAMx / 

OSAT 

USA, 2011 

September 

34.8 12.6 6.4 
  

15.9 30.4 
  

Collet et al. 

(2018) 

CMAQ11 / 

ISAM12 

USA, 2030 summer 18.3 15.2 11.6 2.2 
 

7.4 45.4 
  

Sarkar et al. 

(2017) 

PMF Kathmandu Valley, 

Bagmati Pradesh, 

Nepal, 2012-2013 

15.0 23.5 5.0 20.2 6.8 24.2 5.2 
  

Yang et al. 

(2019) 

NAQPMS PRD, China, 2016 39.0 22.3 9.8 
  

10.8 18.3 
  

Karamchan

dani et al. 

(2017) 

CAMx / 

OSAT / 

PSAT13 

Europe, 2010 31.4 11.5 
 

1.0 
 

16.6 39.4 
  

Yuan et al. 

(2009) 

PMF Beijing, China, 2006 12.5 22.0 
 

36.0 19.5 10.0 
   

Cai et al. 

(2010) 

PMF / MIR Shanghai, China, 

2007-2010 

17.0 65.0 
 

9.0 9.0 
    

Li et al. 

(2016) 

OSAT / 

CAMx 

YRD16, China, 2013 

summer 

38.3 35.5 0.2 
  

22.5 3.5 
  

Wang et al. 

(2019c) 

OSAT / 

CAMx 

China, 2013 August 20.0 33.0 22.2 
 

5.9 2.3 16.7 
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SOA Sarkar et al. 

(2017) 

PMF Kathmandu Valley, 

Bagmati Pradesh, 

Nepal, 2012-2013 

28.2 25.7 12.8 0.6 28.9 3.7 0.1 
  

Dunker et 

al. (2019) 

CMAQ / 

PIM 

Houston, USA,  2013 

September / 2028 

summer 

34.0 33.0 11.5 
 

5.5 
 

16.0 
  

Jiang et al. 

(2019a) 

CAMx / 

VBS14 

Europe, 2011 3.3 
   

13.0 42.5 41.2 
  

PM von 

Schneidem

esser et al. 

(2018) 

CMB Berlin, Germany, 

2014 summer 

9.8 
   

2.7 11.1 51.5 24.9 
 

Karamchan

dani et al. 

(2017) 

CAMx / 

OSAT / 

PSAT 

Europe, 2010 24.1 17.6 
    

39.2 19.1 
 

El Haddad 

et al. (2011) 

CMB Marseille, France), 

2008 summer 

17.0 7.1 
  

0.5 1.6 
 

43.0 31.0 

Waked et 

al. (2014) 

PMF Lens, France, 2012 6.0 
   

17.0 9.0 13.0 19.0 36.0 

Li et al. 

(2015b) 

PSAT / 

CAMx 

YRD, China, 2013 

January 

11.6 25.9 0.6 
 

27.1 1.5 26.1 7.2 
 

Zhu et al. 

(2018) 

CMB / 

PMF / PCA 

China, 1987–2017 13.7 10.5 
  

23.7 
 

36.0 2.8 13.8 

VOCs-

O3 

Song et al. 

(2019b) 

CMB / 

PMF / 

CTM 

Seoul, Korea, 2013-

2015 

14.7 6.3 
  

63.2 15.8 
   

 
Wang et al. 

(2019c) 

OSAT / 

CMAQ 

China, 2013 August 3.3 28.7 59.0 
 

5.9 1.8 1.2 
  

 
Dunker et 

al. (2019) 

CMAQ / 

PIM 

Houston, USA,  2013 

September / 2028 

summer 

3.4 6.4 9.0 
 

7.8 73.5 
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VOCs-

SOA 

Dunker et 

al. (2019) 

CMAQ / 

PIM 

Houston, USA,  2013 

September / 2028 

summer 

3.4 1.2 2.9 
 

0.9 91.6 
   

VOCs-

PM 

Song et al. 

(2019b) 

CMB / 

PMF / 

CTM 

Seoul, Korea, 2013-

2015 

2.2 7.7 
  

2.2 87.9 
   

Note: a Transportation; b Industrial; c Residential; d Fuel evaporation; e Fuel combustion; f Biogenic sources. 1 Positive Matrix 

Factorization; 2 Chemical Mass Balance; 3 Chemical Transport Model; 4 EPA's Unmix Model; 5 Principal Component Analysis; 6 

Absolute Principal Component Scores; 7 Nested Air Quality Prediction Modeling System; 8 Maximum Incremental Reactivity; 9 

Comprehensive Air Quality Model with Extensions; 10 Ozone Source Apportionment Technology; 11 Community Multiscale Air Quality 

Modeling System; 12 Integrated Source Apportionment Method; 13 Particulate Matter Source Apportionment Technology; 14 Volatility 

Basis Set; 15 Pearl River Delta; 16 Yangtze River Delta. 
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Anthropogenic activities such as crop cultivation and urban greening may affect the emission of 

BVOCs and the formation of some BVOC-derived pollutants (e.g., O3, SOA, and PM). As shown 

in Figure 3.10, BVOC-derived SOAs were possibly accelerated by anthropogenic 

precursors/aerosols. Biofuel plantations close to polluted areas could affect the living environment 

of surrounding people (Karlsson et al., 2020). There was a concern about ground-level O3 related 

to biogenic and anthropogenic VOC emissions in large forested and agricultural areas at local 

scales (Gao et al., 2020). Urban trees, as a natural strategy for local climate regulation and air 

purification, emitted BVOCs which can significantly increase surface O3 and SOA concentrations 

in urban areas (Margarita et al., 2013). Generally, BVOC photochemistry significantly contributed 

to local O3 formation, showing a positive correlation between isoprene concentration and O3 levels, 

especially in the NO-saturated atmosphere (Kim et al., 2013; Simon et al., 2019). Transported NOx 

and anthropogenic VOCs interacted with local BVOCs and then promoted chemical O3 production 

and biogenic SOA formation (Wu et al., 2020). The concentration of isoprene-derived SOAs 

significantly decreased with reductions in SO2 and NOx emissions because they were directly 

affected by sulfate abundance rather than particle acidity and/or moisture (Xu et al., 2015a). 

Interestingly, isoprenoids (particularly MTs and SQTs) could help to reduce O3 concentrations in 

the canopy and sub-canopy because of their high atmospheric reactivity (Fares et al., 2012; 

Pallozzi et al., 2016). Thus, it is a challenge for plant selection considering the effect of BVOC 

emissions on O3 uptake and formation (Calfapietra et al., 2013). For example, Eller et al. (Eller et 

al., 2011) proposed that BVOC emissions should be an important factor when selecting bioenergy 

crops. This is because most bioenergy crops were strong BVOC emitters, releasing several grams 

of BVOC per liter of fuel produced (Graus et al., 2013; Rosenkranz et al., 2015). BECCS and 

efficient agroforestry management might lead to net carbon benefits by storing carbon in 
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ecosystems and by producing renewable material and energy products (Favero et al., 2020; 

Gustavsson et al., 2021). Taking Qingdao City in China as an example, although BVOC emissions 

from green areas have been predicted to more than triple by 2050, the planting of low-emitting 

vegetation might mitigate BVOCs by up to 34% (Ren et al., 2017). Another study demonstrated 

that exotic plant species could emit 28-fold terpenes compared to natives in the same family 

(Prendez et al., 2013). Thus, native species and lower-emitting species with no or small reactive 

BVOC emissions would be selected to mitigate carbon emission and energy loss as well as to 

reduce the biogenic sources of O3, SOA, and PM2.5 from crop cultivation and urban greening 

(Tiwary and Kumar, 2014).  
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Figure 3.10. Controlling factors of BSOA formation concerning the extent of anthropogenic 

influence and BVOC processing under four scenarios with different dominated compositions 

(Mochizuki et al., 2015).  

 

Those involved in decision-making in this area may consider trade-offs between the costs and 

benefits of ecosystem services. For example, the ratio of BVOC emissions to biomass production 

or energy transformation would be an effective tool for designers and decision-makers to 

incorporate BVOC emissions into urban landscaping (Giuntoli et al., 2020; Ren et al., 2017). The 

implementation of different management strategies will affect BVOC emissions and interacting 

atmospheric processes, which can jointly influence the concentration of major BVOCs and their 

oxidation products. Climate models and atmospheric chemical models can be coupled to evaluate 

these interactive processes. However, these models have not implemented bidirectional coupling 

with emission models. A coupling system for observing BVOC measurements and modeling 

atmospheric chemical processes is a promising direction for future work. Such a system, 

incorporating current climate models, would refine the description of aerosol conversion, together 

with its direct and indirect impacts. As such, it would assist in forming an earth system model that 

can express real-time online feedback on atmosphere vegetation. Based on the results of climate 

models and BVOC emission models, an index system that integrates key ecosystem service values 

and negative impacts could be established to support decision-making in plant selection and 

environmental management. 
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3.4. Summary 

This study applied CiteSpace and Carrot2 to analyze and visualize the BVOC emission-related 

studies published in journals between 1991 and 2020. BVOC emissions are closely related to 

atmospheric chemistry and climate effects. The main hotspots included BVOC emissions and 

drivers, BVOCs and their oxidation products in biosphere-atmosphere exchange and SBVOCs in 

plant-microbe interactions. Generally, BVOC emissions were affected by temperature, drought, 

solar radiation, humidity, availability of nutrients, CO2, O3, etc. Soils can act as both the sink and 

source of BVOCs through various soil processes that are affected by soil temperature, pH, SOM, 

and soil moisture. Anthropogenic activities might affect BVOC emissions and promote the 

formation of BVOC-derived pollutants (e.g., O3, SOA, and PM). With the in-depth study of BVOC 

emissions, research hotspots and research frontier hotspots were found to vary at different stages. 

From the detected results of citation bursts, biogenic hydrocarbon and isoprene emissions have 

been the most significant research hotspots overall since 1991, while MTs and SQTs have attracted 

increasing attention from researchers since 2005. Beginning in 2008, research topics such as 

“MVOC” have emerged. There are some new directions in BVOC emission research, such as 

BVOC emissions from plant-soil ecosystems, BVOC-derived pollutants, and natural antivirals 

originating from PBVOCs. Incorporating BVOC emissions and their relationships with pollutants, 

biomass, and energy into environmental management and decision-making is a promising 

direction. The findings of this study can provide researchers with an in-depth understanding of 

BVOC emission mechanisms, and decision-makers with insights on emission mitigation and 

environmental management. The scientometric analysis conducted in this study can help minimize 

the subjectivity and bias compared to critical reviews, offer a holistic and quantitative analysis of 

previous BVOC studies, and identify the research gap and future directions in this area.  
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CHAPTER 4. ASSESSMENT OF BIOGENIC MEOH EMITTED FROM CROPS 

DURING GROWING SEASONS 

4.1. Background 

MeOH is typically the second-most plentiful VOC, after CH4, in the remote troposphere. As the 

precursor of CO, HCHO, and O3, it can be related to harmful oxidant concentration and air quality 

deterioration in urban regions (Bachy et al., 2018; Wells et al., 2014). In less polluted rural areas, 

MeOH can react with •OH, reduce atmospheric oxidation capacity, and increase CH4 lifetime 

(Caravan et al., 2018). It can also act as a precursor for SOAs and PM that scatter solar radiation 

and increase cloudiness as cloud condensation nuclei (CCN) (Cai et al., 2017; 2019b; Shrivastava 

et al., 2017). Due to its plenitude and long lifetime compared to other VOCs, MeOH has an 

important impact on air quality, human health, and climate change (Caravan et al., 2018; Mozaffar, 

2017). Biogenic MeOH emission from plants is a primary source of ambient MeOH (accounting 

for 80%–89%) and it generally exceeds emissions of all other VOCs except terpenoids measured 

above a variety of different ecosystems (Harley et al., 2007; Heikes et al., 2002).  

 

Previous estimates have focused primarily on MeOH emissions from forests and grasses. For 

example, several studies have estimated the global biogenic MeOH emission based on the 

empirical algorithms proposed by Guenther et al. (1995) and Galbally and Kirstine (2002). These 

estimates have varied considerably—from 70 to 350 Tg·yr−1—with a mean of approximately 100 

Tg·yr−1 (Harley et al., 2007; Stavrakou et al., 2011; Tie et al., 2003). Huve et al. (2007) proposed 

that cell wall expansion and stomatal conductance govern the dynamics of MeOH emission from 

plants during the growing stage. Brunner et al. (2007), meanwhile, simulated the temporal MeOH 

emissions from grasslands according to a simple parameterization of the LAI and water vapor flux. 
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However, croplands cover a significant proportion of the Earth’s surface and, although they are 

negligible isoprene emitters, they may be a significant source of MeOH (Custer and Schade, 2007). 

Wheat was selected for this study due to its large farming in the world —accounting for 15.1% of 

the global cultivated area (FAO, 2018)—and because it is one of the fast-growing crops and large 

MeOH emitters (Mozaffar, 2017). Although crops such as wheat are regarded as a significant 

source of MeOH, there is scarce information regarding its emission inventories and controlling 

mechanisms from a crop ecosystem in the diverse development phases (Mozaffar, 2017). A few 

studies have measured MeOH emissions from wheat in chamber experiments or field observations. 

For example, Gomez et al. (2019) measured BVOC (including MeOH) emissions from wheat at 

the plant level using dynamic automated chambers only under controlled weather conditions 

during a 7-d ripening period. Bachy et al. (2020) observed ecosystem-scale BVOC (including 

MeOH) fluxes over a winter wheat field throughout the plant development period using an eddy 

covariance method without distinguishing plant and soil sources.  

 

To date, though, no specific emission model for wheat MeOH spanning the different 

developmental stages has been proposed. The emission model proposed in the present study, then, 

extends these previous empirical models for BVOC emissions to encompass this scope (Bachy et 

al., 2016; Guenther et al., 2012; Stavrakou et al., 2011). Some meteorological parameters, such as 

ambient temperature, precipitation, solar radiation, etc., are collected and used to investigate the 

crop biomass and emission activity factor. The purpose of the present research is to (1) develop an 

emission model to simulate temporal differences and spatial distribution of MeOH emissions of 

spring wheat in different stages during the growing period; (2) evaluate the uncertainty and 

sensitivity in emission estimates; (3) quantify the effect of climate change on wheat MeOH 
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emissions; and (4) explore the relationships between biogenic MeOH and air pollutants. This study 

seeks to fill these gaps by modeling, for the first time, MeOH emissions from spring wheat in its 

various developmental stages. Moreover, it seeks to provide an updated method for the assessment 

of MeOH emission from spring wheat or other crops using limited weather data. The results can 

be used to develop appropriate strategies for regional emission management. 

 

4.2. Methodology 

4.2.1. The general process of biogenic MeOH emission from spring wheat during the growing 

period in Saskatchewan 

The Canadian prairie province of Saskatchewan has a continental climate, with temperatures and 

precipitation varying greatly between seasons, and has over 40% of Canada's farmland (more than 

60 million acres). This province is the largest contributor (approximately 30%) to Canada’s crop 

production, including spring wheat, which is the principal crop in Canada, accounting for around 

20% of crop production. In 2018, the total spring wheat production from Saskatchewan was 

approximately 8.7 million tonnes, accounting for 18% of Saskatchewan's total crop production and 

ranked as the third contributor except for all wheat and canola (Government of Canada, 2018). The 

cropping area in Saskatchewan is mainly in the southern and central regions of the province. From 

the southeast to the northwest, the crop area is divided into 17 crop districts in our study. The 

seeding of spring wheat in 2018 was collected (Government of Saskatchewan, 2018). It is assumed 

to be evenly distributed among the crop districts, as shown in Figure 4.1 (a). The northern crop 

districts have a comparatively higher seeding area, with the largest value seen in crop district 13 

(D13), while no seedings are seen in D4 and D15. The historical weather data and solar resource 

data are collected (Government of Canada, 2016; 2018). Among the 17 crop districts, the mean 
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(Tmean, °C), minimum (Tmin, °C), and maximum (Tmax, °C) daily air temperatures, global solar 

radiation (Rs, Wh·m−2), and mean daily wind speed at a height of 2 m (v, m·s−1) are generally found 

to increase when moving from the northwest to the southeast, although this trend does not hold for 

the mean daily precipitation (P, mm), relative humidity (RH, %), and dewpoint temperature 

(Td, °C), as shown in Figure 4.1 (b-i). 

 

 

Figure 4.1. Seeding area of spring wheat and meteorological variables of different crop districts 

in Saskatchewan during growing stages in 2018. (a) Seeding area (A, 109 m2); (b) Mean daily air 

temperature (Tmean, ℃); (c) Maximum daily air temperature (Tmax, ℃); (d) Minimum daily air 
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temperature (Tmin, ℃); (e) Mean daily dewpoint temperature (Td, ℃); (f) Global solar radiation 

(Rs, Wh·m-2); (g) Mean daily precipitation (P, mm); (h) Mean daily relative humidity (RH, %); 

(i) Mean daily wind speed at 2-m height (v, m·s-1).  

 

Although crop residue decomposition and soil-related emission phenomena continue throughout 

the spring, summer, and autumn until the soil becomes frozen in winter (Shi et al., 2021b), 

emissions from the leaves during the growing period are considered the principal source of MeOH 

emission by spring wheat. The growing season is assumed to span the period from May 1, 2018, 

to September 17, 2018, for the present study. According to Saskatchewan Crop Reports 

(Government of Saskatchewan, 2018), although the seeding and harvesting periods vary slightly 

among the different crop districts, the growing period of spring wheat generally can be divided 

into seven stages: germination (G: Day 1-7), emergence (E: Day 8-21), tillering (T: Day 22-42), 

heading (H: Day 43-70), flowering (F: Day 71-91), yield formation (YF: Day 92-126) and ripening 

(R: Day 127-140) (Figure 4.2). During the growing period, solar radiation and air temperature are 

generally higher in the T, H, F and YF stages than in the other stages (S, E, and R), while all 

meteorological variables are at a high level in the T stage. 
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Figure 4.2. Changes in meteorological variables with the spring wheat phenology.
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4.2.2. Biogenic MeOH emissions from crops during growing seasons 

BVOCs are closely related to the amount of carbon accumulating in the growing period which 

depends on the balance (net primary production, NPP) of photosynthesis (gross primary 

production, GPP) and respiration (Collalti et al., 2020). Empirical models have been widely 

adopted to estimate BVOC emissions based on vegetation factors, emission factors, and 

environmental factors (Bachy et al., 2016; Guenther et al., 1995; 2006; 2012; Pierce and Waldruff, 

1991; Stavrakou et al., 2011). The present study builds upon and extends these models to develop 

a Crop MeOH Emission Model (CMEM) to estimate the net MeOH emissions from spring wheat 

during growth (E, µg compound·m−2 earth surface·h−1) into the atmosphere above the canopy at a 

specific time and location:  

𝐸𝑖 = 𝐷𝑟 ∙ ∑𝑁𝑃𝑃𝑖 ∙ 𝜀 ∙ 𝛾 ∙ 𝜌 (4.1) 

𝑁𝑃𝑃𝑖 = 0.77 × 𝐺𝑃𝑃 = 0.77 × 𝑃𝐴𝑅𝑖 ∙  𝑓𝑃𝐴𝑅  ∙ 𝐿𝑈𝐸𝑚𝑎𝑥  ∙ 𝑓𝑇  ∙ 𝑓𝑊  ∙ 𝑓𝑃  ∙ 𝑓𝐶𝑂2
≈

𝑌𝑖𝑒𝑙𝑑

𝐻𝐼
 (4.2) 

𝛾 = 𝛾𝐶𝐸 ∙ 𝛾𝑃𝑇 ∙ 𝛾𝐴𝑔𝑒 ∙ 𝛾𝑆𝑀 ∙ 𝛾𝐶𝑂2
∙ 𝛾𝑆𝑡𝑟𝑒𝑠𝑠 

(4.3) 

 

In the above equations, i represents the different growing stages of spring wheat. Dr is an 

ecosystem-dependent empirical coefficient and a constant value of 0.75 is selected for spring wheat 

that retains its foliage for less than one year (Guenther et al., 1995). ε is the standard MeOH 

emission (µg·g−1·h−1) into the canopy at standard conditions at a photosynthetically active 

radiation (PAR) flux of 1,000 μmol photons·m−2·s−1 and a leaf temperature of 303 K. Due to the 

lack of experimental data for standard MeOH emission of spring wheat, a constant value of 1.0 

µg·g−1·h−1 is used in this model based on the dynamic MeOH emissions from common wheat 

(Triticum aestivum) at the ripening stage (Gomez et al., 2019). ρ is a factor explaining the 

production and loss of MeOH within plant canopies. It is assumed to be a constant value of 0.96 

(Guenther et al., 2006).  
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NPPi is the net primary production of wheat biomass in the growing period, i, in g dry matter·m−2, 

which is estimated by the vegetation photosynthesis model (VPM). This model has been widely 

applied to estimate the GPP and NPP of crops including wheat (Patel et al., 2010; Sánchez et al., 

2015). Wheat has been found to have a constant NPP/GPP ratio over the growing period with a 

value of 0.77 (Albrizio and Steduto, 2003). Harvest index (HI), meanwhile, can be used to obtain 

a rough estimate of biomass using the measured grain yield of spring wheat (Yield, g·m−2) 

(Bolinder et al., 2007a; Dai et al., 2016a), as follows: 

𝑃𝐴𝑅𝑖 = 0.0036𝑅𝑠 × 𝜂𝑟 
(4.4) 

𝑓𝑃𝐴𝑅 = 0.9 × (1 − 𝑒𝑥𝑝 (−𝐾 × 𝐿𝐴𝐼) (4.5) 

𝐿𝐴𝐼 = {
𝑂 0.0084 × 𝐺𝐿 − 0.1024 < 0

0.0084 × 𝐺𝐿 − 0.1024 0 < 𝐺𝐿 < 60
−0.0021 × 𝐺𝐿2 + 0.5014 × 𝐺𝐿 − 21.828 60 ≤ 𝐺𝐿 ≤ 140

 (4.6) 

𝑓𝑇

= {

（𝑇𝑚𝑒𝑎𝑛 − 𝑇1）（𝑇 − 𝑇2）

(𝑇𝑚𝑒𝑎𝑛 − 𝑇1)(𝑇𝑚𝑒𝑎𝑛 − 𝑇2) − （𝑇𝑚𝑒𝑎𝑛 − 𝑇0)2
, 𝑇1 < 𝑇𝑚𝑒𝑎𝑛 < 𝑇2

0, 𝑇𝑚𝑒𝑎𝑛 < 𝑇1 𝑜𝑟 𝑇𝑚𝑒𝑎𝑛 > 𝑇2

 
(4.7) 

𝑓𝑤 = {
1 − 𝐾𝑦(1 −

𝑃

𝐸𝑇𝑚
), 𝑃 ≤ 𝐸𝑇𝑚

1, 𝑃 > 𝐸𝑇𝑚

 (4.8) 

𝐸𝑇𝑚 = 𝐾𝑤 × 𝐸𝑇0 
(4.9) 

𝐸𝑇0 = 0.077 × (𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛) + 0.114 × 𝑇𝑚𝑒𝑎𝑛

+ 0.832 ×
2503 exp (

17.27 × 𝑇𝑚𝑒𝑎𝑛

𝑇𝑚𝑒𝑎𝑛 + 237.3)

(𝑇𝑚𝑒𝑎𝑛 + 237.3)2
× 𝑅𝑠 − 2.77 × 𝑒 + 0.269 × 𝑣

+ 0.053 

(4.10) 

𝑒𝑎 = 𝑒𝑜(𝑇𝑑) = 0.6108 × exp (
17.27𝑇𝑑

237.3 + 𝑇𝑑
) (4.11) 
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In these equations, PAR (MJ·m−2) is the proportion of shortwave radiation utilized by plants for 

photosynthesis.  fPAR means a fractional interception for PAR. Rs is the global solar radiation 

(Wh·m−2), and ηr is the photosynthetic effective coefficient, ranging from 0.47 to 0.53 and usually 

being a constant value of 0.5 (Monteith, 1977). LUEmax is the maximum light use efficiency of 

wheat, ranging from 1.92 to 3.42 gC·MJ−1 (Gower et al., 1999; Sánchez et al., 2015). For the 

present study, this is assumed to be a constant value of 2.55 gC·MJ−1, following similar studies in 

North America (He et al., 2018).  fT, fW, fP, and fCO2, meanwhile, are the LUE response to 

temperature, soil moisture, phenology and CO2, respectively. The values of fP and fCO2 for spring 

wheat during growth are assumed to be 1. 

 

The relationship between LAI and a fractional interception for PAR (fPAR), meanwhile, can be 

calculated using Equation (4.5) (Acevedo et al., 2006). Here, K is the canopy extinction coefficient, 

ranging from 0.3 to 0.7 for wheat crops. LAI, meanwhile, is closely correlated to leaf development, 

i.e., growth length (GL, d), and it can be estimated using a fitted LAI-GL curve based on the 

findings of Martre and Dambreville (2018), shown in Equation (4.6). 

 

fT is estimated using the method developed by Patel et al. (2010), expressed as Equation (4.7) 

above, T (°C) is the mean daily air temperature as recorded at local weather stations, and T0, T1, 

and T2, are the optimal, minimum, and maximum air temperatures, respectively, for photosynthetic 

activities, these being 22.0 °C, 5.0 °C, and 35.0 °C, respectively, for wheat. 

 

The effect of water stress on photosynthesis (fW) is calculated using a series of empirical 

calculations (Hassanzadeh et al., 2014; Maulé et al., 2006; Xu et al., 2015b), expressed as 
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Equations (4.8-(4.11) above. Here, P, ETm, and ET0 are the cumulative precipitation (mm), water 

requirement (mm), and reference evapotranspiration (mm), respectively, during different crop 

growth stages. Ky and Kw are the sensitivity to water scarcity and water demand coefficient, 

respectively, which are shown in Table 4.1. ea refers to the actual vapor pressure (KPa); v is the 

daily wind speed (m·s−1); Tmean, Tmin, Tmax, and Td are the mean, minimum, maximum, and 

dewpoint daily temperature, respectively, in °C.  

 

γ is a non-dimensional emission activity factor accounting for emission changes considering the 

light and temperature (γPT), soil moisture (γSM), canopy environment (γCE), leaf age (γA), CO2 

inhibition and fertilization (γCO2), and induced stresses such as insects, fungus, and wounding 

(γstress). γCE and γA, it should be noted, vary among different growing stages (Bachy et al., 2020), as 

shown in Table 4.1. γCO2 and γstress are both assumed to be 1 in this study.  
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Table 4.1. Model input parameters varying growing stages. 

             Stages 

 

Parameters  

Germination 

(G) 

Emergence 

(E) 

Tillering 

(T) 

Heading 

(H) 

Flowering 

(F) 

Yield 

formation (Y) 

Ripening 

(R) 

References 

Water demand 

coefficient (Kw) 

0.3-0.4 0.7-0.8 0.7-0.8 1.05-1.2 1.05-1.2 0.65-0.75 0.2-0.25 (Xu et al., 

2015b) 

Sensitivity to 

water scarcity 

(Ky) 

0.2 0.6 0.6 0.6 0.6 0.5 0 (Xu et al., 

2015b) 

Optimal 

photosynthetic 

temperature 

(T0, ℃) 

18 18 24 27 27 25 18 (Xu et al., 

2015b) 

Minimum 

photosynthetic 

temperature 

(T1, ℃) 

5 5 7 14 14 14 10 (Xu et al., 

2015b) 

Maximum 

photosynthetic 

temperature 

(T2, ℃) 

27 27 30 33 33 33 30 (Xu et al., 

2015b) 

Canopy 

environment 

factor (γCE) 

0.42 0.42 0.42 0.42 0.42 0.31 0.31 (Bachy et al., 

2020) 

Leaf age factor 

(γA) 

1.02 1.02 1.02 1.02 1.02 2.74 2.74 (Bachy et al., 

2020) 

Light-dependent 

fraction of the 

emissions (LDF) 

0.93 0.93 0.93 0.93 0.93 0.8 0.8 (Bachy et al., 

2020) 
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MeOH emissions increase exponentially with the rising light intensity and air temperature 

(Stavrakou et al., 2011). In our study, the response factor to temperature and light (γPT) is calculated 

using empirical algorithms from Stavrakou et al. (2011), expressed as Equations (4.12)-(4.18). The 

temperature difference between leaf and air, it should be noted, has a strong quadratic relationship 

with mean daily vapor pressure deficit (VPD, kPa), so leaf temperature (𝑇𝑙𝑒𝑎𝑓,°C) can be simulated 

based on air temperature (T, °C), relative humidity (RH, %) and VPD using Equation (4.16)(4.17) 

(Chen et al., 2011). Meanwhile, water stress may cause stomatal closure and photosynthesis 

reduction, and change vegetation composition, further affecting MeOH emissions (Svendsen et al., 

2016). Moreover, soil moisture is closely related to air humidity, so a fitted γSM -RH curve based 

on experimental data from dynamic chambers (Gomez et al., 2019), is applied to calculate γSM 

using Equation (4.18).   

 γPT = [(1 − 𝐿𝐷𝐹) ∙ 𝛾𝑇−𝑙𝑖 + 𝐿𝐷𝐹 ∙ 𝛾𝑃 ∙ 𝛾𝑇−𝑙𝑑] (4.12) 

 𝛾𝑇−𝑙𝑑 = 𝐸𝑜𝑝𝑡 ∙

⌊
 
 
 
 
 
 
 

𝐶𝑇2 ∙ exp(𝐶𝑇1 ∙
(

1
𝑇𝑜𝑝𝑡

−
1

𝑇𝑙𝑒𝑎𝑓
)

0.00831
)

𝐶𝑇2 − 𝐶𝑇1 ∙ (1 − exp (𝐶𝑇2 ∙
(

1
𝑇𝑜𝑝𝑡

−
1

𝑇𝑙𝑒𝑎𝑓
)

0.00831 ))

⌋
 
 
 
 
 
 
 

 (4.13) 

 𝛾𝑇−𝑙𝑖 = exp (𝛽(𝑇𝑙𝑒𝑎𝑓 − 303)) (4.14) 

 𝛾𝑃 =
𝛼 ∙ 𝑃𝑃𝐹𝐷 ∙ 𝐶𝑃

(1 + 𝛼2 ∙ 𝑃𝑃𝐹𝐷2)0.5
, 𝑃𝑃𝐹𝐷 = 𝑢𝑃𝐴𝑅 (4.15) 

 𝑇𝑙𝑒𝑎𝑓 = 0.56𝑉𝑃𝐷2 − 3.596𝑉𝑃𝐷 + 2.7248 + 𝑇𝑚𝑒𝑎𝑛 (4.16) 

https://www.powerthesaurus.org/rising/synonyms
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 𝑉𝑃𝐷 = 𝑒𝑠 − 𝑒𝑎 =
𝑒𝑜(𝑇𝑚𝑎𝑥) + 𝑒𝑜(𝑇𝑚𝑖𝑛)

2
− 𝑒𝑜(𝑇𝑑) (4.17) 

 𝛾𝑆𝑀 =
1.388

1 +
1.388 × 0.763 × 𝑅𝐻

100

 (4.18) 

where LDF is the light-dependent fraction of the MeOH emissions (Bachy et al., 2020; Stavrakou 

et al., 2011), shown in Table 4.1; γP is the light-dependent response factor; γT-ld and γT-li are the 

temperature response factors of light-dependent and light-independent MeOH emissions, 

respectively; and Tleaf is the leaf temperature (K). Here, Eopt, Topt, CT1, and CT2 are set to 1.61, 313 

K, 60 kJ·mol−1, and 230 kJ·mol−1, respectively. Meanwhile, the β-factor is set to 0.08 K−1, and CP 

and α are set to 1.066 and 0.0027, respectively. Finally, the photosynthetic photon flux density 

(PPFD, expressed in µmol·m−2·s−1) is defined as the photon flux density of PAR (W·m−2); and u 

is the PPFD/PAR conversion coefficient (µmol·J−1), ranging from 4.40 µmol·J−1 to 4.80 µmol·J−1, 

and usually assumed as a constant value of 4.61 µmol·J−1 (Carruthers et al., 2001).  

 

4.2.3. Uncertainty and sensitivity analysis 

The uncertainty analysis can help obtain a better understanding of the environmental processes. 

There is uncertainty in the estimation of both biomass and emissions. To determine the significant 

factors affecting MeOH emission from spring wheat, the Monte Carlo simulations are used to 

assess the sensitivities and uncertainties in the emission estimate considering 14 variables and 17 

parameters using the Crystal Ball software (v11.1.2.4) in this study. 10,000 trials are performed 

when each parameter is sampled independently with its respective applicable distribution. Normal, 

lognormal, and uniform distributions are employed based on publicly available data and data from 

peer-reviewed literature (Table 4.2). A ±10% change is assumed when only the mean value of a 
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variable is available. A sensitivity analysis is conducted to determine the correlation and 

contribution of each input variable to the MeOH emissions.  

 

However, the sensitivity analysis using the Crystal Ball software can only reveal the single effect 

rather than the joint effects of multiple factors. In contrast, factorial analysis has been widely 

applied to study the main and interaction effects of several factors on a response. In the present 

study, the Minitab software (v15) is adopted to conduct the design of experiments (DOE). When 

experimenting, two 2-level fractional factorial designs with 15 factors (128 runs) considering two 

situations — (1) input data and model parameters and (2) only model parameters—are conducted 

with DOE capabilities, respectively. The range for those factors for which data is available is set 

according to the literature, while a ±10% variation range is considered for those factors for which 

data ranges are not available (Table 4.2).  
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Table 4.2. Probabilistic distributions representing uncertainty in model input parameters. 

Parameters Default Range  

[Min - Max] 

Mean ± SD Distribution 

type 

References 

Mean daily air temperature, Tmean (℃) variable 0-29.2 15.4 ± 5.1 Normal (Government of Canada, 

2018) 

Mean daily dewpoint temperature, Td 

(℃) 

variable -13.5-18.4 7.1 ± 4.9 Normal (Government of Canada, 

2018) 

Minimum daily air temperature, Tmin (℃) variable -6.4-20.5 8.2 ± 4.4 Normal (Government of Canada, 

2018) 

Maximum daily air temperature, Tmax 

(℃) 

variable 0-41.3 22.7 ± 6.8 Normal (Government of Canada, 

2018) 

Global solar radiation, Rs (Wh·m-2) variable 1070-8735 5531 ± 1814 Normal (Government of Canada, 

2016) 

Mean daily precipitation, P (mm) variable 0-56.8 1.4 ± 4.4 Normal (Government of Canada, 

2018) 

Mean daily relative humidity, RH (%) variable 17.0-95.5 60.7 ± 14.8 Normal (Government of Canada, 

2018) 

Mean daily wind speed at 2-m height, v 

(m·s-1) 

variable 1.0-10.9 4.0 ± 1.5 Normal (Government of Canada, 

2018) 

Growth length, GL (d) variable 1-140  Uniform (Government of 

Saskatchewan, 2018) 

Ecosystem dependent empirical 

coefficient, Dr 

0.75 0.6-0.9 
 

Uniform (Guenther et al., 1995) 

Maximum light use efficiency, LUEmax (g 

C·MJ-1) 

2.55 1.92-3.42 
 

Uniform (Gower et al., 1999; 

Sánchez et al., 2015) 

Photosynthetic effective coefficient, η 0.5 0.47-0.53 
 

Uniform (Monteith, 1977) 

PPFD/PAR conversion coefficient, u 4.61 4.4-4.8 
 

Uniform (Carruthers et al., 2001) 

Canopy extinction coefficient, K 0.5 0.3- 0.7 
 

Uniform (Acevedo et al., 2006) 

Optimal photosynthetic temperature, T0 

(℃) 

22 18-27 27a Triangular (Xu et al., 2015b) 

Minimum photosynthetic temperature, T1 

(℃) 

5 5-14 14a Triangular (Xu et al., 2015b) 
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Maximum photosynthetic temperature, T2 

(℃) 

35 27-35 33a Triangular (Xu et al., 2015b) 

Sensitivity to water scarcity, Ky variable 0-0.6 0.6a Triangular (Xu et al., 2015b) 

Crop factor, Kc variable 0.35-1.15 1.1a Triangular (Shi, 2019; Xu et al., 

2015b) 

Emission factor, ε (µg·g-1·h-1) 1 
 

1.0 ± 0.1 Normal (Gomez et al., 2019) 

Production and loss factor, ρ 0.96 0.93-0.99 
 

Uniform (Guenther et al., 2006) 

Leaf age factor, γA variable 1.02-2.74 1.02a Triangular (Bachy et al., 2020) 

Canopy environment factor, Cce variable 0.31-0.42 0.42a Triangular (Bachy et al., 2020) 

Light-dependent fraction of the 

emissions, LDF 

variable 0.8-0.93 0.93a Triangular (Bachy et al., 2020) 

α-factor 0.0027 
 

-6.05 ± 0.52b Lognormal (Zheng et al., 2010b) 

β-factor 0.08 
 

0.08 ± 0.017 Normal (Zheng et al., 2010b) 

Light empirical coefficient, Cp 1.066 
 

1.06 ± 0.2 Normal (Zheng et al., 2010b) 

Activation energy, CT1 (kJ·mol-1) 60 
 

4.53 ± 0.21b Lognormal (Zheng et al., 2010b) 

Deactivation energy, CT2 (kJ·mol-1) 230 
 

5.43 ± 0.09b Lognormal (Zheng et al., 2010b) 

Maximum normalized emission capacity, 

Eopt 

1.61 0.98-3.83 
 

Uniform (Zheng et al., 2010b) 

The temperature when Eopt, Topt (K) 313 
 

312.83 ± 0.94 Normal (Zheng et al., 2010b) 

Notes: a mode value; b log value. 
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4.2.4. Quantifying the effect of climate change 

Climate change has a great impact on the structure and function of ecosystems and its subsequent 

influences on vegetation composition will indirectly influence future BVOC emissions and 

composition, especially for the vegetation in cold zones (Peñuelas et al., 2013; Valolahti et al., 

2015). Climate projections have been widely used for impact assessment and mitigation and 

adaptation measure design (Eyring et al., 2016). In our study, future temperature is obtained from 

the Coupled Model Intercomparison Project Phase 6 (CMIP6) which is an initiative of the World 

Climate Research Programme’s Working Group of Coupled Modeling (data available at: 

https://esgf-node.llnl.gov/projects/esgf-llnl/). In CMIP6, a novel scenario matrix architecture 

combines the Representative Concentration Pathways (RCPs)—describing future GHGs and other 

radiative forcings—and the Shared Socioeconomic Pathways (SSPs)—modeling future socio-

economic and technological development, i.e., population, economic growth, urbanization, and 

education. The impacts of a changing climate on MeOH emissions are assessed under two potential 

futures using the following SSP/RCP-based scenarios, SSP2-4.5 and SSP5-8.5. Specifically, 

SSP2-4.5 is a medium development (SSP2) achieving forcing levels of 4.5 W·m−2 while SSP5-8.5 

means a high economic growth (SSP5) achieving forcing levels of 8.5 W·m−2. The simulations 

performed using CMIP6 meteorology spanning three periods—2020–2039, 2040–2069, and 

2070–2099—are compared to the MeOH emissions for the year 2018 as follows:  

 
𝑅𝐷 =

𝐸𝑖 − 𝐸0

𝐸0
× 100 

(4.19) 

where RD (%) is the relative difference in MeOH emissions between the projected periods (Ei, 

µg·m−2 ·h−1) and the control simulation in 2018 (E0, µg·m−2 ·h−1) under two SSP scenarios. 
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Before inputting the projected temperatures into the updated emission model, a bias correction 

using the linear-scaling approach is conducted to correct the CMIP6 simulation temperatures as 

follows, as per Maraun (2016): 

 𝑇𝑓,𝑐𝑜𝑟𝑟
𝑖,𝑘 = 𝑇𝑓,𝑟𝑎𝑤

𝑖,𝑘 + (�̅�𝑜𝑏𝑠
𝑖,𝑘 − �̅�𝑐𝑜𝑛𝑡𝑟

𝑖,𝑘 ) (4.20) 

where T denotes daily air temperature (°C); the superscripts i and k represent the different crop 

districts and growing stages, respectively; and the subscripts f, corr, raw, contr, and obs represent 

the future values, corrected values, raw values, modeled values in the control case, and observed 

values in 2018, respectively.  

 

4.3. Results 

The MeOH emissions for spring wheat during different growing stages are estimated using the 

updated model for the year 2018 in Saskatchewan (Figure 4.3). Throughout the growing season, 

MeOH emissions are found to far exceed the canopy interception and loss, resulting in positive net 

emissions. This implies the presence of a MeOH source in the agriculture ecosystem. The average 

MeOH emission in 2018 for the various crop districts is found to be 37.94 ± 7.5 µg·m−2·h−1. 

Overall, MeOH emissions are found to increase moving from north to south, with the maximum 

emission level, in D3 (49.08 µg·m−2·h−1), being about double the minimum emission level, in D17 

(25.39 μg·m−2 h−1). MeOH emissions exhibit phenological peak-to-valley characteristics, reaching 

maximum emissions (100.79 μg·m−2·h−1) in S6 (yield formation stage) and minimum emissions 

(≈ 0 μg·m−2·h−1) in S1 (germination stage).  

 



122 

 

 

Figure 4.3. Spatial-temporal biogenic MeOH emissions (E, µg·m-2 ·h-1) among different growing 

stages of spring wheat in 2018. (a) germination; (b) emergence; (c) tillering; (d) heading; (e) 

flowering; (f) yield formation; (g) ripening; (h) growing period.  

  

Figure 4.4 shows the distribution and probability of forecast and fitted MeOH emissions in terms 

of daily increased biomass. The average forecast emission is averaged by 10,000 simulations from 

Monte Carlo sampling, with a mean value of 1.11 μg·m−2·h−1. Uncertainty in the MeOH estimation 

is found to be high, with a standard uncertainty of 2.07 μg·m−2·h−1. The MeOH emissions show a 

gamma probabilistic distribution, with a long tail in the high-value zone. The 95% confidence 

interval for the MeOH emissions can be evaluated as [0, 3.18]. There is a probability of nearly 84% 

in the range of MeOH emissions, [0, 2] μg·m−2·h−1, while a probability of approximately 30% in 

the range, [0, 0.05] μg·m−2·h−1.  
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Figure 4.4. Uncertainty analysis of forecast MeOH emissions (E, μg·m−2·h−1) using Crystal Ball 

software. 

 

The sensitivity results generated from the Crystal Ball software, as shown in Table 4.3, can 

preliminarily identify the key uncertainty sources in estimating MeOH emissions. Growth length 

(GL), mean daily temperature (Tmean), activation energy (CT1), minimum photosynthetic 

temperature (T1), global solar radiation (Rs), and maximum normalized emission capacity (Eopt) 

are found to be the top six sources of uncertainties in predicting MeOH emissions. To identify the 

primary and interactive effects of different variables on MeOH emissions, a 2-level fractional 
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factorial analysis of 15 factors—selected according to the contribution of these variables to 

variance and rank correlation as shown in Table 4.3—is performed using Minitab software. 

 

Table 4.3. Sensitivity analysis of wheat biomass (B, g·m−2) and MeOH emissions (E, µg·m−2·h−1) 

by Crystal Ball. 

Sensitivity: B Sensitivity: E 

Assumptio

ns 

Contribution 

to variance 

Rank 

correlation 

Assumptions Contribution 

to variance 

Rank 

correlation 

GL 64% 0.690 GL 46.2% 0.601 

Tmean 26% 0.439 Tmean 42.6% 0.577 

T1 3% -0.160 CT1 2.4% -0.137 

Rs 3% 0.159 T1 2.0% -0.125 

T0 1% -0.088 Rs 1.7% 0.116 

LUEmax 1% 0.086 Eopt 1.6% 0.110 

K 1% 0.063 LUEmax 0.6% 0.066 

P 0% 0.060 γA 0.5% 0.065 

Td 0% 0.035 Cp 0.5% 0.062 

η 0% 0.029 K 0.4% 0.055 

α 0% 0.019 T0 0.3% -0.049 

Ky 0% -0.016 RH 0.3% -0.047 

T2 0% 0.014 Topt 0.2% -0.042 

Kc 0% -0.013 ε 0.2% 0.034 

RH 0% 0.012 LDF 0.1% -0.032 

u 0% -0.012 Ky 0.1% -0.028 

v 0% -0.011 CT2 0.1% -0.023 

CT2 0% 0.010 Cce 0.1% 0.023 

β 0% 0.010 P 0.1% 0.021 

Cce 0% 0.009 β 0.0% -0.020 

LDF 0% 0.009 v 0.0% -0.017 

Tmax 0% -0.009 Kw 0.0% -0.009 

Cp 0% 0.009 α 0.0% -0.008 

CT1 0% -0.007 Dr 0.0% 0.006 

ε 0% -0.007 Tmax 0.0% -0.005 

ρ 0% -0.006 T2 0.0% 0.005 

Topt 0% -0.005 Td 0.0% 0.005 

Eopt 0% 0.004 η 0.0% 0.004 

Dr 0% -0.003 Tmin 0.0% 0.002 

Tmin 0% 0.002 ρ 0.0% 0.002 

γA 0% -0.001 u 0.0% 0.000 
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Figure 4.5-4.6 show two scenarios of factorial analysis considering different uncertainty sources. 

When input data and model parameters are included in the analysis (Figure 4.5), in addition to the 

five most significant single factors (SFp<0.05)—i.e., Tmean, GL, Rs, Eopt, and γA (leaf age factor), ten 

significant interactive factors (IFp<0.05)— i.e., Tmean × GL, Tmean × Rs, GL × Rs, GL × Eopt, Tmean × 

Eopt, GL × γA, Tmean × γA, T0 (optimal photosynthetic temperature) × K (canopy extinction 

coefficient), CT2 (deactivation energy) × T1, and T0 × LUEmax (maximum light use efficiency)—are 

found to have significant positive effects on MeOH emissions. This means that several 

photosynthetic-related factors (i.e., T0, T1, K, CT2, and LUEmax), although they do not have an 

obvious influence on the effect of SFp<0.05 on MeOH emissions, can interact to double the effect of 

these insignificant-single-factors (SFp>0.05). When only model parameters are included in the 

analysis, more factors, including seven SFp<0.05 and nine IFp<0.05, are found to affect MeOH 

emissions. Among them, K, γA, LUEmax, and Eopt are identified as positive SF<0.05, while Topt 

(temperature when Eopt), T0, and T1 are identified as negative SFp<0.05, as shown in Figure 4.6. 

Notably, the double effect of negative SFp<0.05, including Topt ×T0 and Topt × T1, is positive, while 

IFp<0.05, such as Topt × γA, T0 × γA, Topt × LUEmax, and Topt × K, are found to be negative.  
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Figure 4.5. Normal and interaction plots of the effects for MeOH emissions considering input 

data and model parameters using Minitab 16.0. 
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Figure 4.6. Normal and interaction plots of the effects for MeOH emissions only considering 

model parameters using Minitab 16.0. 
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The impact of temperature change on MeOH emissions according to the different SSP scenarios 

is shown in Figure 4.7. Generally, differences in MeOH emissions by -35 to +25% (2020–2039), 

-25 to +39% (2040–2069), and -19 to +60% (2070–2099) are observed under the SSP2-4.5 

scenarios, and changes of -26 to +6% (2020–2039), -38 to +34% (2040–2069), and -24 to +82% 

(2070–2099) under the SSP5-8.5 scenarios, compared to the control observations (the year 2018) 

among crop districts. Moreover, the more pronounced increases are generally observed in 

northwestern Saskatchewan. This spatial distribution is opposite to the variations of biogenic 

MeOH emissions for the growing period in 2018 (Figure 4.3), but it is consistent with the changes 

in temperatures and wheat biomass in future scenarios (Figure 4.8-4.9).  
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Figure 4.7. Relative differences in MeOH emissions (E, %) between the 2018 observation and 

three periods under two SSP scenarios. (a) SSP2-4.5 scenario during 2020-2039; (b) SSP2-4.5 

scenario during 2040-2069; (c) SSP2-4.5 scenario during 2070-2099; (d) SSP5-8.5 scenario 

during 2020-2039; (e) SSP5-8.5 scenario during 2040-2069; (f) SSP5-8.5 scenario during 2070-

2099. 

 

 

Figure 4.8. Relative temperature differences (T, %) between the 2018 observation and three 

periods under two SSP/RCP-based scenarios. (a) SSP2-4.5 scenario during 2020-2039; (b) SSP2-

4.5 scenario during 2040-2069; (c) SSP2-4.5 scenario during 2070-2099; (d) SSP5-8.5 scenario 

during 2020-2039; (e) SSP5-8.5 scenario during 2040-2069; (f) SSP5-8.5 scenario during 2070-

2099. 
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Figure 4.9. Relative differences in wheat biomass (B, %) between the 2018 observation and three 

periods under two SSP/RCP-based scenarios. (a) SSP2-4.5 scenario during 2020-2039; (b) SSP2-

4.5 scenario during 2040-2069; (c) SSP2-4.5 scenario during 2070-2099; (d) SSP5-8.5 scenario 

during 2020-2039; (e) SSP5-8.5 scenario during 2040-2069; (f) SSP5-8.5 scenario during 2070-

2099. 

 

4.4. Discussion 

4.4.1. Comparison with previous studies  

MeOH emission of spring wheat in Saskatchewan in 2018 was found to be 37.94 ± 7.5 µg·m−2·h−1 

(Figure 4.3), much lower than the findings reported by Gomez et al. (2019) and Bachy et al. (2020). 
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This variance may be the result of differences between stages, crop species, and measurement 

techniques (Table 4.4). For instance, chamber emissions are found to be more than fourfold higher 

than the EC measurements during the ripening stage (Gomez et al., 2019).  

 

Table 4.4. Comparison of MeOH emissions from crop and grass species. 

Species Emissions 

(μg·m−2·h−1) 

Biomassa 

(g·m−2) 

Climate Measuring 

techniques 

Measuring 

period 

Reference 

Spring 

wheat 

37.94 ± 7.5 

or 

0~131.03 

611.2 ± 

50.14 

or 

0~689 

Dfb Model 01/05~17/09/ 

2018 (G~R) 

(Cai et al., 

2021b) 

Winter 

wheat 

62 ± 3.3 

or 

-459~1128 

0~2000 Cfb Field 

/DEC-MS 

/PTR-MS 

05/03~28/07/

2013 (E~R) 

(Bachy et al., 

2020) 

Winter 

wheat 

900 1000 Cfb Chamber  

/In situ cuvette 

/PTR-TOF-MS 

12‒9/06/2017 

(R) 

(Gomez et al., 

2019) 

Agricultur

al soil 

0~200 N.A. Cfb Field 

/REA-EC 

/PTR-MS 

Summer (Schade and 

Custer, 2004) 

Notes: a The annotation xx ± yy denotes the mean of emission or biomass ± its standard deviation, 

and the formalism xx ~ yy denotes the range of emission or biomass. b Dfb is a warm-summer 

humid continental climate and Cfb is a temperate oceanic climate according to the World Map of 

Köppen-Geiger climate classification (Kottek et al., 2006). c DEC-MS: disjunct eddy covariance 

by mass scanning technique; REA-EC: relaxed eddy accumulation - eddy covariance.  

 

Furthermore, the predicted biomass range in the present study is found to fall within the observed 

biomass range of common classes of wheat in North America (HI = 0.33 to 0.61) but to be generally 

lower than the observed biomass of spring wheat in Canada in particular (HI = 0.4), shown in the 

Figure 4.10. Moreover, spring wheat normally has a shorter growing period and yields higher 
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biomass compared to winter wheat, and wheat biomass has a very strong relationship with MeOH 

emissions because the two are both predominantly influenced by similar factors such as GL and 

Tmean (Table 4.3). Therefore, the MeOH emissions from winter wheat measured by Gomez et al. 

(2019) are much higher than the results both of Bachy et al. (2020) and the present study. Notably, 

bi-directional exchanges of MeOH, including emission, uptake, and deposition, occur 

simultaneously on surfaces of the crop canopy and the soil, and this may lead to negative fluxes 

under dark, wet, and cold conditions or augmented emission from the soils under light, dry, and 

warm conditions (Bachy et al., 2020; Bachy et al., 2016; Mozaffar, 2017; Schade and Custer, 2004). 

Thus, Bachy et al. (2020) have identified negative fluxes corresponding to these conditions, while 

neither Gomez et al. (2019) nor the present study considers the MeOH sink phenomenon, and thus 

negative fluxes are not observed.  
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Figure 4.10. The stock chart for comparison of predicted biomass (g·m-2) of spring wheat from 

different studies. Yield (blue column) means the observed crop yield of spring wheat in 2018 

(Government of Saskatchewan, 2018). Bo-0.4, Bo-0.33, and Bo-0.61 mean the calculated wheat 

biomass using Equation (3) when the harvest index is 0.4 for spring wheat in Canada (Bolinder 

et al., 2007b) and varies from 0.33 to 0.61 for five classes of wheat in North America (Dai et al., 

2016b). Bp is the predicted wheat biomass in this study. The red column represents that Bp is 

more than Bo-0.4 while green is on the contrary. 

 

The large uncertainty in MeOH emissions is observed in the present study, which is similar to that 

reported by Smiatek and Bogacki (2005) concerning the estimation of OVOC emissions from 

forests in Poland (they used a semi-empirical BVOC model). The sensitivity analysis suggests that 

MeOH emissions show a Gamma probabilistic distribution, and growth length, air temperature, 
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solar radiation and leafage are the most important influencing variables. However, Zheng et al. 

(2010a) found emission factor (ε), foliar density (Dm), and β-factor rather than temperature to be 

important sources of uncertainty in the estimation of OVOC emissions in the Pearl River Delta 

Metropolitan Region of China. Compared to the former two models, Zheng et al. (2010a) 

comparatively introduced fewer model input parameters and hourly observed meteorological data 

to estimate regional OVOC emissions. This demonstrates that meteorological data that is more 

precise than what is currently on hand, especially Tmean and Rs, may help reduce uncertainty in 

estimating dynamic MeOH emissions. Moreover, according to results shown in Table 4.3 and 

Figure 4.5-4.6, GL, T1, T0, and LUEmax are closely related to photosynthetic period and efficiency, 

which, in turn, affect leaf biomass directly and MeOH production indirectly, and γA, K, Topt, and 

Eopt directly affect the production and emission of leaf MeOH. Thus, more robust biomass and 

emission parameters are required that consider specific wheat subspecies, climate zones, and wheat 

phenology. 

 

4.4.2. MeOH emissions affected by climate change 

The warming and drought brought by global climate change will alter MeOH emissions depending 

on the doses and timing of environmental factors (Penuelas and Staudt, 2010). Considering that P 

and RH have not been identified as significant influencing factors (Figure 4.5-4.6), only the effect 

of future climate change on MeOH emissions is discussed here. Temperature can strengthen the 

synthetase activity, lift the MeOH vapor pressure, reduce the diffusion resistance, and 

consequently increase MeOH emissions exponentially (Galbally and Kirstine, 2002). In most cases, 

MeOH emissions increase with temperature within a certain temperature range of 5–35 °C in the 

short- or medium-term, as per Figure 4.1-4.3 and Table 4.2. Harley et al. (2007) have reported that 
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each 10 °C increase in leaf temperature may cause MeOH emissions to increase by as much as 2.4 

times. However, enzyme degradation and physiologic responses to heat stress will also influence 

the emission pattern, and in some cases increasing temperatures may, in fact, result in decreased 

or even inactivated enzyme activity (Feng et al., 2019). Stored volatiles, including MeOH, can be 

emitted when the cell walls of the storage pools become seriously damaged at temperatures >45 °C 

(Guidolotti et al., 2019). Accordingly, wounding induced by excessive temperatures may strongly 

increase instantaneous MeOH emissions.  

 

In the long term, VOC emissions could increase with climate change due to its direct effect of 

warming and indirect effects on growing length, plant biomass, and vegetation composition 

(Lindwall et al., 2016). In the present study, there is no reduction of air temperature (Figure 4.8), 

wheat biomass (Figure 4.9), and MeOH emissions (Figure 4.7) in most crop districts in 2040–2069 

and 2070–2099 compared to 2018. Compared to warmer southern regions in Saskatchewan, higher 

increases in both air temperature and wheat biomass are projected to occur in colder crop districts, 

e.g., D16 and D17, resulting in larger increases in emissions there. Previous studies have reported 

that projected climate change in 2040–2069 might cause higher grain yield, earlier seeding dates, 

and shorter maximum growing length (MGL) in Saskatchewan compared to the period of 1961–

1990 (He et al., 2012). Crops in the southwest of Saskatchewan have earlier seeding dates and 

shorter MGL in most scenarios, but northeast districts have a higher potential of MGL reduction 

in 2041–2070 compared to the baseline period of 1971–2000 (Qian et al., 2016). Thus, the 

projected temperature change probably causes spatial-temporal differences in the MGL of spring 

wheat, consequently affecting long-term MeOH emissions.    
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 Although few studies have focused on long-term MeOH emissions of spring wheat, studies about 

BVOC emissions including isoprene or monoterpene could provide relevant comparisons. 

Guenther et al. (1995) estimated that a rise of 2 °C increased global BVOC emissions by 25% and 

Feng et al. (2019) found that warming increased significantly the emission of isoprene (a 22% 

increase by +6.6 °C) and monoterpenes (a 39% increase by +1.7 °C). In general, cold zones are 

associated with a higher increase in air temperatures compared to the global average. For example, 

Subarctic and Arctic areas could have an increase in air temperatures at twice the global mean rate 

(Huang et al., 2015a). Thus, BVOC emissions in cold zones may increase more than the global 

mean level in response to climate warming. For example, a 1.9–2.5 °C rise in ambient temperature 

resulted in a doubling of emissions of MTs and SQTs from a wet subarctic tundra heath (Faubert 

et al., 2010). 2 °C warming caused 2‐fold and 5‐fold increases in emissions of MTs and SQTs, 

respectively, in northern Sweden (Valolahti et al., 2015). Notably, warming-caused increases in 

plant emissions cannot be fully attributed to leaf biomass because direct effects were more 

significant than indirect effects (Kramshøj et al., 2016; Rinnan et al., 2020). Previous studies have 

found that temperature—given its influence on vegetation coverage—is the primary driver of 

seasonal and inter-annual changes in BVOC emissions (Wang et al., 2016b). For example, BVOC 

emissions might adapt to 3-year warming and barely change in the next decade (Tang et al., 2018). 

Therefore, the higher increase of MeOH emissions in colder northwestern Saskatchewan is 

probably due to the larger temperature increases compared to that in the warmer southeastern 

region. 
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4.4.3. The effect of leaf development on MeOH emission 

In addition to meteorological factors such as Tmean and Rs, γA is also an important factor influencing 

MeOH emissions, as per Figure 4.1, Figure 4.3, Figure 4.5, and Figure 4.6. In the present study, 

γA values of 1.02 and 2.74 are respectively assigned to stages G–F and stages YF–R in the updated 

model for spring wheat, as per Bachy et al. (2020). Accordingly, MeOH emissions are predicted 

to be highest in the Y stage and lowest in the G stage. The emission intensity and pattern of 

biogenic MeOH, it should be noted, depend on plant development. Leaf MeOH is typically 

produced through pectin biosynthesis during cell wall growth and expansion, leading to the highest 

biogenic MeOH emissions being observed in spring and early summer at both the individual and 

local scales (Fall and Benson, 1996; Galbally and Kirstine, 2002; Hu et al., 2011). It has also been 

reported that plant leaves during adulthood and the harvesting period emit MeOH at a rate several 

times higher than leaves during the growing period (Brunner et al., 2007; Huve et al., 2007). 

Notably, Mozaffar (2017) conducted a study in which strong emission peaks and guttation droplets 

were observed from young wheat plants following light/dark transitions, while no MeOH increases 

or guttation droplets were found in mature plants. Moreover, as demonstrated by Oikawa et al. 

(2011), PME activity is expected to decrease with leaf development, and the degree of methyl 

esterification is known to be lower in mature cell walls than in immature leaves; as such, mature 

leaves have a lower potential for MeOH production via the PME pathway compared to young 

leaves. Furthermore, a substantial proportion of MeOH production in deciduous trees with mature 

leaves is produced in pectin demethylation during root or stem growth and transported to stomata 

by the transpiration stream (Folkers et al., 2008). On the other hand, Oikawa et al. (2011) 

demonstrated in a similar study that root MeOH production is not the dominant contributor to 

daytime MeOH emissions from mature and immature leaves of tomato plants. Interestingly, MeOH 
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emissions may be affected by inducible factors such as mechanical wounding, herbivore attacks, 

fungal infection, and senescence (Harrison et al., 2013b). For instance, several recent studies have 

found that senescence-induced MeOH is emitted from herbaceous plants with yellow and dry 

leaves (Bachy et al., 2020; Bachy et al., 2018; Gomez et al., 2019; Mozaffar, 2017). These studies 

have observed strong increases in MeOH emissions from wheat leaves during ear formation, 

fruiting, and early senescence and from maize leaves with leaf chlorosis. These observations 

suggest that PME and guttation could be the major pathways of biogenic MeOH for immature 

leaves, while induced emission of MeOH produced and stored in roots and leaves may be the 

principal emission sources in mature spring wheat leaves.  

 

4.4.4. The Fate of biogenic MeOH emissions over rural croplands  

The MeOH produced by plants can have several fates. It can be stored in water and tissue within 

the plant, it can diffuse out through stomata to the atmosphere, or it can be oxidized to 

formaldehyde by the gas‐phase reaction. BVOC–NOx interaction generates highly chemically 

active species such as •OH and nitrate radical, which, in turn, are responsible for the formation of 

pollutants such as O3 and peroxyacetyl nitrate (Margarita et al., 2013). Presumably, a portion of 

the MeOH within the leaf will be ultimately converted to CO2 (Galbally and Kirstine, 2002).  

 

In the present study, the seasonality of MeOH emissions is found to be positively correlated to 

concentrations of CO (r = 0.176, p = 0.037), FPM (r = 0.205, p = 0.015), and PM10 (r = 0.345, p 

< 0.001) but negatively related to NO2 (r = −0.204, p = 0.016) and O3 (r = −0.506, p < 0.001), as 

per Figure 4.11 and Table 4.5.  
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Figure 4.11. Temporal trend of the simulated MeOH fluxes (E, µg·m−2·h−1) and the observed 

concentrations of six common air pollutants among Districts 6, 8, and 11 in 2018. 

 

However, it has been estimated that global MeOH emission could produce an increase of 

approximately 1–2% in O3, a 1–3% decrease in •OH, a 3–5% increase in HO2, and a 3–9% increase 

in HCHO (Tie et al., 2003). The differences in O3 formation between the two studies may be related 

to the sensitivity of O3 formation to NOx and VOCs in environments with different concentrations 

of anthropogenic pollutants (Vermeuel et al., 2019). O3 formation over highly polluted urban areas 

is strongly VOC-sensitive and progresses towards a more NOx‐sensitive regime when the plume 

transports to suburban and rural areas. Limited NOx with long-distance transport from urban areas 

or released by local anthropogenic activities may result in a high relative ratio of rural biogenic 
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VOCs/NOx, thereby maintaining •OH rather than contributing to chemical O3 production (Jeon et 

al., 2014; MacKenzie et al., 2011). Moreover, the O3 uptake by plants and soils in rural croplands 

and the destruction of the ozone by terpene emissions during nighttime might reduce O3 

concentrations (Im et al., 2011). Besides anthropogenic sources, VOC oxidation also contributes 

to CO in the atmosphere. When MeOH is oxidized by •OH, HCHO and CO are sequentially 

produced with essentially equal yields (Hu et al., 2011). Wells et al. (2014) found that MeOH 

explains more than 25% of the photochemical source of HCHO and CO in the north temperate 

zone in spring and accounts for 6% of global SOA annually. The positive relationship between 

MeOH emissions and CO concentration was also noted by Hu et al. (2011). For instance, when 

MeOH emissions are high in the early growing season, a large contribution to tropospheric CO 

and HCHO (~20%) has been observed because of a pronounced photochemical role in this period. 

 

Our results have found that FPM and PM10 both exhibit significant positive relationships with CO, 

SO2, NO2, and NOx concentrations. Previous studies have reported that BVOCs can produce SOA 

and PM via different formation pathways, e.g., gas-phase reactions and aqueous-phase oxidation. 

For instance, organosulfates can be produced by nitrates and organic peroxides via gas-phase 

partitioning into particle-phase (Pratt et al., 2013), and sulfates and organic aerosol are responsible 

for most of the change in PM2.5 concentrations (Day and Pandis, 2015). However, although MeOH 

emissions may increase CO and PM concentrations, they have little impact on the concentrations 

of SO2, NO, and NOx (|r| < 0.15, p > 0. 05). This means that MeOH might have another pathway 

to produce PM rather than gas-phase reactions with nitrates and sulfates. This assumption is 

supported by the findings of Hansel et al. (2015). The isoprenoid photochemical oxidation will 

enhance the formation of sulfate and SOA, and further promote the formation and growth of new 
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particles. However, biogenic MeOH is more likely to partition into aqueous phases—i.e., mist, fog, 

rain, and dew—and be oxidized by •OH. Besides, the addition reactions—e.g., dimerization, the 

addition reaction of hydroxyl functional groups and oxygen—will promote these aqueous-phase 

reactions to produce derivatives with lower vapor pressures, higher polarity, and larger molecular 

weights, and eventually form SOA after droplet evaporation.  

 

Table 4.5. Spearman's correlation of the simulated MeOH fluxes and the observed concentrations 

of six common air pollutants among Districts 6, 8, and 11 in 2018. 

Correlation  MeOH CO FPM NO2 NO NOx O3 PM10 SO2 

MeOH 1.000 0.176* 0.205* -0.204* 0.092 -0.116 -0.506** 0.345** 0.044 

— (0.037) (0.015) (0.016) (0.280) (0.173) (0.000) (0.000) (0.607) 

CO 0.176* 1.000 0.749** 0.681** 0.336** 0.630** 0.118 0.574** 0.527** 

(0.037) — (0.000) (0.000) (0.000) (0.000) (0.164) (0.000) (0.000) 

FPM 0.205* 0.749** 1.000 0.488** 0.000 0.332** 0.355** 0.557** 0.515** 

(0.015) (0.000) — (0.000) (0.995) (0.000) (0.000) (0.000) (0.000) 

NO2 -0.204* 0.681** 0.488** 1.000 0.532** 0.928** 0.338** 0.383** 0.479** 

(0.016) (0.000) (0.000) — (0.000) (0.000) (0.000) (0.000) (0.000) 

NO 0.092 0.336** 0.000 0.532** 1.000 0.778** -0.309** 0.223** 0.208* 

(0.280) (0.000) (0.995) (0.000) — (0.000) (0.000) (0.008) (0.014) 

NOx -0.116 0.630** 0.332** 0.928** 0.778** 1.000 0.110 0.345** 0.421** 

(0.173) (0.000) (0.000) (0.000) (0.000) — (0.196) (0.000) (0.000) 

O3 -0.506** 0.118 0.355** 0.338** -0.309** 0.110 1.000 0.026 0.323** 

(0.000) (0.164) (0.000) (0.000) (0.000) (0.196) — (0.756) (0.000) 

PM10 0.345** 0.574** 0.557** 0.383** 0.223** 0.345** 0.026 1.000 0.545** 

(0.000) (0.000) (0.000) (0.000) (0.008) (0.000) (0.756) — (0.000) 

SO2 0.044 0.527** 0.515** 0.479** 0.208* 0.421** 0.323** 0.545** 1.000 

(0.607) (0.000) (0.000) (0.000) (0.014) (0.000) (0.000) (0.000) — 

Notes: * and ** mean that correlation is significant at the 0.05 and 0.01 level (2-tailed), 

respectively. NO: nitrogen monoxide; SO2: sulfur dioxide. 
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4.4.5. Limitations and uncertainties 

Besides the sources of uncertainty considered in the uncertainty and sensitivity analysis, there are 

still some other factors influencing MeOH modeling. Firstly, the seeding and harvesting periods 

vary slightly among different crop districts in the present study and thus the classification of 

growth length and growing stages may increase the uncertainty of spatial-temporal simulations. 

Secondly, the effects of CO2 and inducible stress (wounding, etc.) on MeOH emissions are not 

incorporated in the present study, meaning that the long-term constitutive MeOH emissions due to 

the CO2 fertilization effect on wheat biomass as well as short-term induced-MeOH emissions may 

have been underestimated. Thirdly, it's important to note that our modeling process relies on certain 

assumptions. For example, in the Monte Carlo simulation, we assume that parameters are 

randomly distributed and independent. In reality, these relationships are more complex. Also, 

because of limited data, we use triangular distributions for random parameters, which are simpler 

to work with but can increase uncertainty in emission simulations. Finally, in the present study, the 

bias correction is calculated using daily observed and control run temperatures in 2018. Using 

long-term climate data to correct the bias of projected temperature might increase the accuracy of 

the bias-corrected temperature that is used to drive the MeOH emission model. 

 

4.5. Summary 

In this study, MeOH emissions from spring wheat during the growing period were estimated using 

a developed emission model. The temporal and spatial variations of MeOH emissions of spring 

wheat in a Canadian province were investigated. The averaged MeOH emission of spring wheat is 

found to be 37.94 ± 7.5 µg·m−2·h−1, increasing from north to south and exhibiting phenological 

peak-to-valley characteristics. Moreover, cold crop districts are projected to have higher increases 
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in air temperature and consequent MeOH emissions during 2020-2099. Furthermore, the 

seasonality of MeOH emissions is found to be positively correlated to concentrations of CO, FPM, 

and PM10 but negatively related to NO2 and O3. The uncertainty and sensitivity analysis results 

suggest that MeOH emissions show a Gamma probabilistic distribution, and growth length, air 

temperature, solar radiation and leafage are the most important influencing variables. In most cases, 

MeOH emissions increase with temperature in the range of 3-35 ℃ while the excessive 

temperature may result in decreased MeOH emissions because of inactivated enzyme activity or 

increased instant MeOH emissions due to heat injury. Notably, induced emission might be the 

major source of biogenic MeOH of mature leaves. The results of this study can be used to develop 

appropriate strategies for regional emission management of the cropping system. 
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CHAPTER 5. CHARACTERIZATION AND QUANTIFICATION OF THE 

BIODEGRADABLE MICROPLASTICS IN CROPPING SYSTEMS 

5.1. Background 

Plastic film mulching is widely used to enhance crop production. However, traditional non-

biodegradable mulches may undergo fragmentation by mechanical abrasion, oxidation, 

photodegradation, and biodegradation, breaking into small segments, including MaPs 

(aerodynamic diameter Dp > 5 mm), MPs (Dp < 5 mm), and NPs (Dp < 1 μm) (Qin et al., 2021). 

Completely removing these small plastic residues from croplands is difficult, and they can 

accumulate in the soil for decades, even lasting up to 200–400 years (Jiang et al., 2017). These 

MPs and NPs may harm soil microorganisms, enter the surface water and groundwater, and transfer 

into the food chain (Hayes et al., 2017; Wang et al., 2022b). In agricultural soil environments, the 

physicochemical properties of plastic films, such as surface microstructure and chemistry, particle 

size, shape, and color, will change with the aging process and further pose negative effects on soil 

health, such as soil permeability, microbial activities, soil biota, and crop yield and quality (Wang 

et al., 2022a).  

 

Over the past decades, BMs have been regarded as an alternative to mitigate the environmental 

and disposal problems caused by plastic residues (Miles et al., 2017). However, most commercially 

available BMs contain certain fossil fuel-based ingredients or additives, which limit their use in 

organic agriculture. Some BMs have no longer been regarded as an allowable input to certified 

https://www-sciencedirect-com.lib-ezproxy.concordia.ca/topics/engineering/mechanical-abrasion
https://www-sciencedirect-com.lib-ezproxy.concordia.ca/topics/earth-and-planetary-sciences/soil-biota
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organic farming in Canada (CAN/CGSB-32.311, 2015). The environmental impacts of BMs have 

drawn increasing attention from researchers. 

 

Current research has mainly focused on the effects of BMs on crop production and the degradation 

characteristics of BMs (Brodhagen et al., 2015; Tofanelli and Wortman, 2020). BMs are commonly 

tilled into the soil without removal, disposal, or recycling, and they are required to biodegrade 90% 

in two years (ASTM International, 2002). Theoretically, they are 100% degraded through natural 

microorganism mineralization and contemporaneously converted into CO2, H2O, and microbial 

biomass. Therefore, BMs may be more effective at reducing carbon footprint and negative impacts 

on soil health, as well as labor time and farm expenses, compared with PE mulches (Malinconico, 

2017; Sintim, 2018; Waterer, 2010). However, it has been reported that BMs can hardly be 100% 

degraded in natural environments; they also generate biodegradable MaPs, MPs, and NPs (BMaPs, 

BMPs, and BNPs), which may persist in the soil for a few months or even several years (Flury et 

al., 2017; Shruti and Kutralam-Muniasamy, 2019; Sintim, 2018). BMs may produce more BMPs 

than non-degradable mulches during the same period because they are more vulnerable to 

biodegradation (Zhao et al., 2021). Several water incubation and leaching experiments have 

reported the released compounds, such as plastic additives and carbon black, from BMs (e.g., 

Mater-Bi®, BioFilm®A, Ecovio®, Bio-Flex®, PBAT, PLA, and PLA/PHA), which can cause 

negative effects to soils and/or crops (Balestri et al., 2019; Qin et al., 2021; Serrano-Ruíz et al., 

2020; Sintim et al., 2020). Some in situ field experiments about diverse BMs, including PBAT, 
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PLA, PLA/PHA, Ecovio®, Mater-Bi®, BioAgri, Naturecycle, Organix, vegetable starch, and 

paper/WGP, have identified that different weathering conditions, such as photodegradation, 

hydrolytic, and oxidative reactions, caused increased surface wettability, decreased mechanical 

properties, and changed chemical bonding (e.g., increased hydrophilic end groups), thereby 

increasing BM biodegradation in soils (Hayes et al., 2017; La Mantia et al., 2020; Moreno et al., 

2017; Sintim et al., 2020; Yang et al., 2020).  

 

Notably, UV-induced abiotic oxidation can damage BMs and promote the subsequent abiotic (i.e., 

pyrolysis and hydrolysis) and biotic degradation in the soil (La Mantia et al., 2020; Qin et al., 2021; 

Wang et al., 2021c). However, these studies focused more on the changes in tensile strength and 

chemical bonding of BMs rather than the particle distribution of fragmented BMs. Only a few 

studies have reported the fragmentation and degradation of BMaPs into BMPs and BNPs in soils 

(Napper and Thompson, 2019; Weinstein et al., 2020). However, these studies observed the 

production of microplastic particles using visual inspection without quantitative analysis. Research 

regarding the weathering process of BMPs under abiotic conditions, especially UV irradiation, is 

scarce. More simulated research is needed to quantify the fragmentation process of BMPs into 

smaller particles, including BNPs. Therefore, this study aims to explore the effects of weathering 

on BMs under complex conditions. The physicochemical changes of weathered BMaPs and BMPs 

(including BioAgri and WGP), the particle distributions of micro- and nano-plastics, and the 
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chemical characteristics of BMP-derived DOM (DOMBMP) released into the soil-water 

environment were studied. 

 

5.2. Materials and Methods 

5.2.1. Sample preparation 

Two types of commercial BMs, namely, WGP (Sunshine Paper, Aurora, CO, USA) and BioAgri 

(BioBag Americas, Dunevin, FL, USA), were used in this study (Table 5.1). WGP is a brown paper 

mulch mainly composed of cellulose, while BioAgri is a black bioplastic mulch primarily 

consisting of PBAT and starch. Compared with WGP, BioAgri has significantly different 

physicochemical characteristics such as lower density, thickness, and peak load but higher 

elongation and carbon content. The soil used in the experiment was sampled from the 0–15 cm 

topsoil layer of the experimental field at the Emile A. Lods Agronomy Research Center (N 

45°25′34″, W 73°55′40″), Macdonald Campus of McGill University, Sainte-Anne-de-Bellevue, 

Québec, Canada. The soil was characterized as Humic Gleysol, a well-drained sandy loam 

(62% sand, 32% silt, 6% clay) with a 1.28 g/cm3 bulk density, 2.53 g/cm3 particle density, pH 6.8, 

52% water holding capacity, 48 g/kg organic-C content, and 2.5 g/kg total-N content. After 

sampling, the soil was air-dried in the fume hood for 48 h, ground, screened with a 2-mm sieve, 

and then stored in dry, dark, and sealed glass jars at room temperature. 
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Table 5.1. Basic information on the used BMs 

Properties WGP BioAgri 

Manufacturer Sunshine Paper, 

Aurora, CO, USA 

BioBag Americas, Dunevin, FL, USA 

Color Brown Black 
a Density, g/m2 110.88 ± 0.533 22.81 ± 0.411 
a Thickness (μm) 562 ± 13.0 29 ± 1.2 
a Peak load (N) 88.22 ± 7.144 12.05 ± 0.586 
a  Elongation (%) 7.70 ± 0.300 295.00 ± 30.000 
b Main polymer 

structure 

Cellulosic paper: 

cellulose 

 

Mater-Bi® bioplastic: PBAT + starch 

 

Element 

content 

(%) 

C ± SD. 42.98 ± 0.016 59.70 ± 0.227 

N ± SD. 0.080 ± 0.005 0.051 ± 0.005 

H ± SD. 6.710 ± 0.006 6.748 ± 0.032 

S ± SD. 0.046 ± 0.0006 * 0.015 ± 0.003* 

SD is standard deviation; * denotes sulfur via infrared detector (IR), and other via thermal 

conductivity detector (TCD); a (Hayes et al., 2017); b (Sintim et al., 2020). 

 

5.2.2. Batch experimental design  

The batch experimental design is shown in Figure 5.1. The BMs were stored in a dry and dark 

place at room temperature before batch experiments. They were cut into two sizes of debris: 

BMaPs (2–10 cm × 5 cm) and BMPs (2 mm × 6 mm). Pristine BM debris was placed in uncovered 

glass Petri dishes and weathered in a UV chamber (CX-2000 Crosslinker, Analytik Jena, USA) for 

different irradiation durations: 4K, 8K, 12K, 16K, 20K, 24K, 28K, and 32K (K=1,000) minutes. 

UV irradiation is generally less than 10% of the total solar irradiation (about 1367 W/m2), so UV 

rays (254 nm, 20 mW/cm2) were selected to simulate the accelerated weathering conditions. 
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Control samples (0K) were wrapped in aluminum foil and placed in the UV chamber under the 

same conditions as the weathered samples.  

 

After UV irradiation, BMaPs were collected for the physiochemical characterization of the BM 

surface, whereas BMPs were used for particle analysis and DOMBMP identification. To explore the 

process of BMPs releasing particles into the water environment, a dry weight of 0.3 g BMPs with 

various irradiation durations and 35 mL of deionized water were mixed in 50 mL centrifuge tubes. 

The tubes were shaken at 300 rpm and 25 ℃ for 15 h in an incubator shaker (New Brunswick 

Innova 42R, Eppendorf, USA). The mixture was separated into BMPs and leachates using a 0.5-

mm sieve. The BMPs were air-dried in the fume hood for 48 h for the further physiochemical 

characterization of the BM surface as described in section 5.2.3. The leachate was collected for 

particle analysis as described in section 5.2.4. Then it was separated into the particulate organic 

matter (POMBMP) and DOMBMP through vacuum filtration with 0.45-μm membranes. Notably, 

DOMBMP is considered a stable colloidal suspension of BNPs released from BMPs in this study 

(Docter et al., 2015). The particle morphology of POMBMP remaining on the membranes was 

analyzed as described in section 5.2.3, whereas DOMBMP was used for chemical identification and 

nanoparticle analysis as described in sections 5.2.4 and 5.2.5.  

 

After entering the soil-water environment, the property of BMPs will be influenced by soil 

particles, such as due to mechanical abrasion. To explore the interactions between BMPs and soil 
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particles, a total dry weight of 0.3 g BMPs and soils in a 1:9 ratio was added into a 50 mL centrifuge 

tube. The BMPs were collected for analysis following the same procedures. Before air-drying, the 

BMPs were softly washed for 30 s using flowing deionized water to remove soil particles unstably 

adhering to the BMP surface.  

 

 

Figure 5.1. Batch experimental design. 

 

5.2.3. Physiochemical characterization of BMaPs  

The mechanical tensile strength (peak load) of the BMaPs (1 cm × 5 cm) was tested using the 

Model 42 Material Test System (MTS Criterion, USA). The changing rate of the peak load relative 

to the pristine BMaPs was adopted to characterize the effect of UV irradiation on the mechanical 

tensile strength of different BMaPs. The hydrophobicity of the BMaP surface was characterized 

by the water contact angle (CAw) between the BMaP surface and the deionized water. A contact 
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angle goniometer (VCA Optima, AST Products, USA) recorded the changing of the 1.5 μL water 

droplet within 10 s after starting the recording at an ambient temperature of 20 °C and humidity of 

45%. Microstructural changes on the BMaP surface were observed using an S-3400N scanning 

electron microscope (SEM, Hitachi, Japan) with a 5 kV electron accelerating voltage. Before 

observation, the BMaP were affixed to the sample holder using carbon tape, metalized with a 2-

nm gold layer using JEOL device JFC 1100E ion sputter, and fine coated at 10 mA for 1 min.  

 

The surface functional groups of the BMaPs were measured using attenuated total 

reflection−fourier transform infrared spectroscopy (ATR−FTIR, Optics Tensor 27, Bruker, USA). 

Six measurements were conducted for each sample on the surface. In each measurement, 

background spectrum and sample spectra were obtained in wavenumber ranges of 4000–400 cm–1 

with 32 scans. The carbonyl index (CI) was applied to evaluate the changes in the carbonyl band 

(C=O) using the following equation (Almond et al., 2020):  

𝐶𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑖𝑛𝑑𝑒𝑥 (𝐶𝐼) =
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑏𝑎𝑛𝑑1850–1650𝑐𝑚−1

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑏𝑎𝑛𝑑 1500– 1420𝑐𝑚−1
 

(5.1) 

 

To observe the functional group distribution of BMPs after soil-water washing, the FTIR images 

of the BMP surface were collected in reflectance mode, with a resolution of 4 cm−1 and the co-

addition of 128 scans over the range of 4000−1000 cm−1, at the Canadian Light Source (CLS) in 

Saskatoon, Canada. Bruker Vertex 70v coupled with a confocal microscope (Hyperion 3000) at 



152 

 

the Mid Infrared Spectromicroscopy (MID-IR) beamline was used to measure these samples. The 

whole set facility included a motored sample stage and a liquid nitrogen (LN)-cooled mercury 

cadmium telluride (MCT) detector (Bruker Optics, MA). The imaging data of the detected surface 

(64×64-pixel array) were acquired for each sample. FTIR mapping cannot detect much metal-O 

binding information below 1000 cm-1, so synchrotron X-ray fluorescence (SR-XRF) spectra and 

mappings were further measured to identify the element distribution of trace metals on the BMP 

surface at the Very Sensitive Elemental and Structural Probe Employing Radiation From A 

Synchrotron (VESPERS) beamline (07B2–1). The SR-XRF maps of titanium (Ti), manganese 

(Mn), iron (Fe), cobalt (Co), Ni, Cu, zinc (Zn), and calcium (Ca) were scanned under an area of 

200 μm × 200 μm with a step size of 5 μm.   

 

5.2.4. Particle analysis of leachate from BMPs 

The average and distribution of micro- and nano-particle sizes in the leachate from BMPs were 

measured using a laser in-situ scattering and transmissometer (LISST-200X, Sequoia Scientific, 

USA) and a Zetasizer analyzer (Nano ZS90, Malvern, UK). The detection range of the LISST-

200X was 1–500 µm. The particle concentration (μL/L) was calculated by the equivalent volume 

of the irregular spheres. Samples of 20 mL were placed in the test chamber of LISST-200X and a 

total of 60 data points were collected for each minute in live data collecting mode. Deionized water 

as the control sample was used as the background for each measurement. After measurements, the 

samples were extracted from the test chamber of the LISST-200X and then filtrated through a 0.45-
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μm membrane to separate the POMBMP and DOMBMP. The Nano ZS90 has been used to measure 

the average and distribution of nanoplastic size in the previous study (Murray and Örmeci, 2020). 

Its measurement range was 0.3 nm–10.0 µm. The size intensity and size distribution were 

measured by dynamic light scattering (DLS) and calculated using the Stokes-Einstein relationship. 

1 mL DOMBMP was added to the corresponding cells of the Nano ZS90 to measure its particle 

distribution and zeta potential (ZP). The POMBMP remaining on the membranes was dried and its 

particle morphology was observed using SEM imaging following the procedures in section 5.2.3.  

The particle size distribution can be typically expressed by D10 (d10), D50 (d50), and D90 (d90). 

In this study, D and d represented the diameter of the microparticles (1-458.5 µm) and 

nanoparticles (0.3–5560 nm), respectively. D10 (d10), D50 (d50), and D90 (d90) mean that 10%, 

50%, and 90% of the total particles were smaller than the corresponding size in the cumulative 

distribution function (CDF) of microparticles (or nanoparticles) measured by LISST-200X (or 

Nano ZS90), respectively. The particle size exceeding D10 (d10) and D90 (d90) can be ignored, 

and D50 (d50) is the median size of the particle distribution.  

 

5.2.5. Identification and quantification of BMP-derived DOM 

The pH of DOMBMP was measured by a dual channel pH/Ion meter (Model AR25, Accumet 

Research, Fisher Scientific, Canada) calibrated with Fisher Scientific pH buffer standards at room 

temperature. DOC content was determined according to the high-temperature combustion method 

using a Shimadzu total organic carbon-VCSH analyzer (Kyoto, Japan). The Zeta potentials (ZPs) 
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of DOMBMP were measured using the Nano ZS90 with a fixed scattering angle of 90° at 25 °C. 

Three replicates with over 20 runs per measurement were conducted for each sample. Deionized 

water as the control sample was used as the background for each DOC and ZP measurement. The 

organic carbon yield of BMPs (WSOC, mg/g) was used to represent the organic carbon released 

from BMPs to water, which was obtained using the following equation:  

𝑊𝑆𝑂𝐶 = 𝐶𝐷𝑂𝐶 ×
𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑚𝐵𝑀𝑃𝑠
 (5.2) 

where Vsolution is the solution volume used for water extraction and mBMPs (g) is the mass of BMPs 

used for water extraction. 

 

Soil DOM parameters based on UV-vis spectroscopy have been widely used in recent years. 

Therefore, UV-vis spectra were obtained at wavelengths of 600–200 nm with 1 nm stepwise 

increments using a UV-vis spectrophotometer (UV-6700, Shimadzu, Japan). Blanks of deionized 

water were used as a reference. All DOMBMP samples were returned to room temperature before 

measurements. The main UV-vis spectroscopy-based DOM parameters were calculated and 

described in Table 5.2. 

 

Table 5.2. UV-Vis spectroscopy-based DOM parameters. 

Index Calculation Characteristics Relationships Reference 

S275–295 (nm−1) The slope of linear 

regression on the log-

transformed spectra in the 

range of 275-295 nm 

Molecular 

weight (MW) 

Negative (Zhang et 

al., 2021) 
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A240-400 (m
-2) The integral of the area from 

240-400 nm (A240-400) 

Electron 

transfer (ET) 

Positive (Chen et 

al., 2022) 

SUVA254 [L/ 

(mg-C · m)] 

The absorption coefficient at 

254 nm divided by DOC 

concentration 

Aromaticity Positive (Chen et 

al., 2022) 

E3/E4 The ratio of absorbances at 

300 and 400 nm, A300/A400 

Humification Negative (Li and 

Hur, 

2017) 

A220/A254 The ratio of absorbances at 

220 and 254 nm, A220/A254 

Polarity Negative (Li and 

Hur, 

2017) 

A254/A204 The ratio of absorbances at 

254 and 204 nm, A254/A204 

Hydrophobicity Positive (Li and 

Hur, 

2017) 

 

5.2.6. Quality assurance/quality control (QA/QC) and statistical analysis 

Batch experiments were conducted in triplicate and the average was used for further analysis. 

Blank control experiments with only deionized water were conducted for correction. All containers 

were cleaned using tap water with specific laboratory detergents in an ultrasonic cleaner (Model 

97043-944, VWR International, USA) for 30 min, rinsed five times with deionized water, and 

dried at 50 °C in an oven (Blue M, USA) for 24 h. Most graphs were plotted using Origin 2021 

(OriginLab Corporation, USA). Notably, the CI was calculated using mathematical area and 

integration methods. The typical indexes of particle size distribution, namely, D10 (d10), D50 

(d50), and D90 (d90), were calculated using linear interpolation and intersection methods. Besides, 

the area and size of particles shown in SEM images were measured using ImageJ software 

(https://imagej.nih.gov/ij/index.html). FTIR spectra were corrected for the background signal 

attributable to the ATR crystal and manipulated for averaging smooth, baseline correction, and 

https://imagej.nih.gov/ij/index.html
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vector normalization using the OPUS 7.2 software (Bruker Optics Inc., USA). FTIR images were 

processed by Cytospec 2.00.01 (Cytospec Inc., Boston, MA) and SR-XRF spectra and maps were 

plotted by SigmaPlot 14.0 (Systat Software Inc., USA).  

 

5.3. Results and Discussion 

5.3.1. Physicochemical changes of BMaPs during UV irradiation 

The environmental processes can be affected by many factors (Babamiri et al., 2021; Yadav et al., 

2022). The main spectral band assignments of BMaPs during UV irradiation are listed in Table 

5.3. The spectra obtained for pristine WGP and BioAgri mostly matched the published spectra of 

respective polymer constituents (Hayes et al., 2017). Bands in the hydroxyl groups (O-H) 

stretching and bending regions (3600–3000 cm−1 and 1100–900 cm−1, respectively) were partially 

attributable to polysaccharides because starch and cellulose are the main components of BioAgri 

and WGP, respectively. The peak within the 3000–2800 cm−1 spectral range was attributed to C-H 

stretching. The stretching of carbonyl groups (C=O bonds) led to the different peaks at 1710 and 

1640 cm−1 for pristine BioAgri and WGP, probably attributed to the ester groups (-COO, peaking 

at 1710 cm−1) of PBAT in BioAgri and conjugated C=O (peaking at 1640 cm−1) of dye on WGP 

surface, respectively. The CI index of WGP increased linearly with UV irradiation, whereas 

BioAgri showed a reverse “U” relationship between them (Figure 5.2), possibly suggesting 

different dominant chemical photoreactions between two BaMPs during UV irradiation. 

 



157 

 

Table 5.3. Peak assignments for FTIR analysis of biodegradable mulches (Hayes et al., 2017).  

Wavenumber (cm-1) Mulch  Bond assignments 

3000-3800  WGP, BioAgri OH stretch 

2924, 2852 BioAgri C-H stretch 

1710 BioAgri C=O stretch 

1646, 1700-1720 WGP C=O stretch  

1456 BioAgri (PBAT) phenylene group 

1409 BioAgri (PBAT) C-H2 

1456, 1410, 1390 BioAgri -CH2- bend 

1428, 1368, 1336, 1316 WGP C-H bend 

1163 BioAgri (Starch) CH2OH 

1118, 1081, 1270 BioAgri (Starch) C-O 

1018 PBAT phenyl ring 

1268, 1252, 1166, 1118, 1102, 1082 BioAgri C-O stretch (polyester) 

1100–900 WGP, BioAgri O-H bend 

874 BioAgri, C-H stretch 

726-728 BioAgri (PBAT) [-C-H2-]n ≥ 4 bend 
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Figure 5.2. CI index of WGP and BioAgri with different UV irradiation durations (K: 1000 min). 

 

The FTIR spectra of BMaPs during UV irradiation are shown in Figure 5.3. For the weathered 

WGP, a reduction of conjugated C=O and O-H groups (3600–3000 cm−1) was observed after 4K 

min, whereby, its color changed from brown to grey. This result suggested that UV irradiation 

might promote the dye to produce VOCs emitted into the air (Cai et al., 2021a; Cai et al., 2021b). 

Since 8K min, a new peak at 1715 cm−1 assigned to C=O was detected, which was possibly due to 

the photooxidation of free radicals. Oxygenated functional groups (e.g., C=O) can be produced 

when UV radiation initiates the breaking of the C-H and O-O bonds and the generation of free 

radicals (e.g., hydroxyl, alkoxy, and peroxy radicals) in the oxygen environment (Feng et al., 

2022a). The decrease of C-H bonds was also observed for BioAgri since 4K min, which may 

produce ester bonds (C=O). However, for the weathered BioAgri, the -COO and C-O (peaking at 
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1270 cm−1) stretching bands decreased and became broad since 4K min, consistent with the 

Norrish I photodegradation reactions of PBAT and resulting in chemical cross-linking via the 

formation of free radicals on aromatic groups (Ar-) (Kijchavengkul et al., 2010). An increase of 

C=C (peaking at 1650 cm−1), aromatic C=C (Ar C=C, 1580–1500 cm−1), and free OH (3900–3600 

cm−1) was observed for BioAgri since 16K min, indicating the Norrish II photodegradation 

reaction of C=O bonds, which produced terminal carboxylic compounds (-COOH) and terminal 

double bond compounds (CH=CH2) (Kijchavengkul et al., 2010). An increase of C=C, Ar C=C, 

and free OH bonds was also observed for WGP since 20K min, which may have resulted from the 

Norrish I and II chain scission of C=O and the formation of OH and C=C bonds (Hayes et al., 

2017; Kijchavengkul et al., 2010; Kijchavengkul et al., 2008). Therefore, it can be inferred that 

there is a combination of the photooxidation-dominated production and photodegradation-

dominated cleavage of ester bonds (C=O) during UV irradiation. 
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Figure 5.3. Surface chemical changes during UV irradiation. FTIR spectra for (a) WGP and (b) 

BioAgri with different UV irradiation durations (K: 1000).
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Tensile tests, CAw, SEM, and FTIR mapping were further used to observe the mechanical tensile 

strength of BaMPs as well as the microstructure changes and chemical distributions on the BaMP 

surface before and after UV irradiation (Figure 5.4-5.6). As shown in Figure 5.4 (a), with the UV 

irradiation duration, the peak load of WGP and BioAgri both showed a downtrend. Compared to 

the pristine BaMPs, their tensile strength decreased by 58.8% and 93.9% after 32K min UV 

irradiation, respectively. This result was consistent with previous studies that peak load decreased 

with the photo-oxidation time (Hayes et al., 2017; La Mantia et al., 2020), probably due to the 

damage to the BaMP surface caused by the photoreaction, such as Norrish I and II chain scission.  

 

The hydrophilicity of the BaMP surface can also change during UV irradiation, which can be 

represented by droplet-mulch CAw. As shown in Figure 5.4 (b), the mean CAw of WGP and 

BioAgri both decreased with the UV irradiation duration. Compared to the pristine BaMPs, their 

mean CAw decreased by 66.2% and 63.5% after 32K min UV irradiation, respectively (WGP: from 

54.0 to 18.3 °; BioAgri: from 82.1 to 30.0 °). As shown in Figure 5.5, the water droplet can be 

absorbed by WGP and spread over the BioAgri surface; therefore, their CAws decreased quickly 

in the 10 s video recording. The changing rates of CAws for WGP and BioAgri in each dynamic 

observation both increased with UV irradiation duration and WGP had a higher changing rate than 

BioAgri (WGP: from -22 to -99 °/s; BioAgri: from -6 to -47 °/s). This meant that WGP had a lower 

mean CAw and higher hydrophilicity than BioAgri before and after UV irradiation, respectively.  
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Figure 5.4. Surface physical changes during different UV irradiation durations (K: 1000). (a) 

mechanical tensile strength (peak load, N); (b) water contact angles (°); (c) SEM images for 

WGP (1-3) at 2K magnification and BioAgri (4-6) at 20K magnification. 
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Figure 5.5. Dynamic water contact angles of WGP (a–g) and BioAgri (h-n) with different UV 

irradiation durations (K: 1000). The left and right of each image are the start and end of each 

video recording of dynamic water contact angles. 
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The variations of CAw can be partially explained by the change in the contents of hydrophilic 

groups on the BaMP surface. The pristine WGP had a larger oxygen elemental content (50%) than 

pristine BioAgri (33%) (Table 5.1), which may cause a higher content of the hydrophilic group on 

their surface. As shown in Figure 5.6, compared to the pristine BioAgri, the weathered one had 

higher contents of functional groups. The increased surface hydrophilicity of BioAgri after UV 

irradiation can be partially attributed to the formation of hydrophilic groups, such as hydrophilic 

double-bond groups (C=O bonds) and oxygen-containing groups (O-H bonds). However, no 

significant changes in the contents of functional groups were observed on the pristine and 

weathered WGP surface. This meant the changes in hydrophilicity of the WGP surface were 

probably due to other surface factors, such as surface roughness (Wang et al., 2021d; Wang et al., 

2022c). 

 

The SEM images and FTIR maps of BaMPs showed that BioAgri had a smooth surface, with a 

heterogeneous microstructure where circular starch spots (C-H, C-O, and O-H bonds) were 

dispersed in a continuous three-dimension PBAT matrix (CO and C=O bonds) before weathering. 

With the increase in UV irradiation duration, BioAgri underwent significant changes in surface 

microstructure and chemical distributions. Specifically, the ratio of exposed starch to the total 

measured area increased from 6.6% (0K) to 41.9% (16K) and 70.1% (32K) as shown in Figure 5.4 

(c4-c6) and Figure 5.7 (10-18), probably because of the photodegradation of the PBAT matrix. As 

shown in Figure 5.4 (c1-c3) and Figure 5.7 (1-9), the WGP surface was neatly lined with cellulosic 
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fibers. After 16K min UV irradiation, some fractures of fiber occurred on the WGP surface, causing 

small particles and fiber fragments. As the UV irradiation duration increased to 32K min, no 

significant increase in surface cracks and small particles was observed, showing the discontinuous 

linear distribution of functional groups. These results were consistent with previous studies that 

UV irradiation promoted the generation of cracks and particles on polymer surfaces, which 

increased surface roughness and hydrophilicity (Wang et al., 2021d; Wang et al., 2022c).  



166 

 

 

Figure 5.6. FTIR mapping of functional groups on pristine and weathered BMP surface.
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Figure 5.7. SEM images for WGP (1-9) and BioAgri (10-18) with different UV irradiation 

durations (K: 1000) at different magnifications. 
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5.3.2. Chemical analysis of BMP-derived DOM 

The chemical analysis results of DOMBMP derived from the pristine and weathered BMPs are 

shown in Figure 5.8. BioAgri released much more DOC (WDOC, mg/g) than WGP before and after 

UV irradiation, while their WDOC both increased from 0K to 32K min (WGP: from 1.19 ± 0.12 to 

16.18 ± 0.41; BioAgri: from 12.52 ± 0.37 to 23.74 ± 2.19). The DOMBMP caused significant 

chemical changes in the water. The pristine WGP and BioAgri both released basic DOMBMP, with 

a pH greater than 6.5, which is consistent with the reported findings (Serrano-Ruíz et al., 2020). 

With increasing UV irradiation duration, the pH of weathered DOMBMP significantly decreased. 

When the UV irradiation duration was extended to 32K min, the DOMBMP derived from the 

weathered WGP and BioAgri showed strong acidity, with a pH of 4.5 and 3.7, respectively. This 

result may be attributed to the acid oxygen-containing groups, such as carboxyl groups (COO- 

bonds), released from the weathered BMPs after UV irradiation.  
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Figure 5.8. Chemical analysis of DOMBMP released into the water environment. 

 

According to the FTIR maps of the BMP surface before and after water washing (Figure 5.6 and 

Figure 5.9), the C=O bonds of the WGP surface significantly decreased after washing, which meant 

that acid carboxyl groups were released into water from the WGP. However, the C=O bonds on 

the BioAgri surface increased, whereas the C-H bonds decreased after washing, which indicated 

the hydrolysis of PBAT (Hayes et al., 2017; Sintim et al., 2020). This may cause more acid 

carboxyl groups to be released into the water and retained on the BMP surface compared with the 
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unwashed BioAgri. The carboxylic acid was negatively charged, so the DOM from the pristine 

and weathered BMPs had negative ZP values (-7–-58mV), which coincided with previous research 

(Fan et al., 2021; Feng et al., 2022b; Yang et al., 2022b). With the increase in UV irradiation 

duration, the ZP values of the DOMBMP derived from WGP and BioAgri largely increased from -

36 and -58 mV (0K min) to -7 and -12 mV (32K min), respectively. This was different from the 

findings of previous studies, wherein the weathered DOMBMP became more negatively charged 

because of UV irradiation (Fan et al., 2021; Feng et al., 2022b), possibly due to proton 

neutralization at a low pH level (3.7–4.5). The ZP values of WGP and BioAgri both showed a 

significant negative relationship with pH under UV irradiation; with the decreased pH, BNPs 

became less ionized and negatively charged (Bi et al., 2022; Yin et al., 2021).  
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Figure 5.9. FTIR mapping of functional groups on BMP surface after water washing. 
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The UV-vis spectral signal peak at 300–250 nm is due to the aromatic structure-containing 

chemicals, including low-ring PAHs (2–4 rings) and their derivatives (Huang et al., 2020a; Zhang 

et al., 2021). Therefore, the SUVA254 (L/(mg-C·m)) was used to evaluate the aromaticity of 

DOMBMP. The UV-vis spectral index of S275-295 is usually adopted to represent the molecular size 

of DOMBMP, which is negatively related to molecular size. The E3/E4 ratio and A220/A254 ratio are 

negatively related to humification and polarity, respectively. The A254/A204 ratio and A240–400 index 

are positively correlated with hydrophobicity and electron transfer (ET) capacity, respectively 

(Chen et al., 2022; Li and Hur, 2017). Generally, the pristine BioAgri had smaller SUVA254 and 

A220/A254 values, as well as larger S275-295, E3/E4, A254/A204, and A240–400 values than WGP, which 

suggested that BioAgri-DOMBMP had higher aromaticity, polarity, hydrophobicity, and ET capacity, 

as well as smaller molecular size and humification, than WGP-DOMBMP. With increasing UV 

irradiation duration, the SUVA254 values of BioAgri-DOMBMP significantly increased by about 

threefold that of the pristine one at 4K min (1.17 ± 0.21) and then maintained at a relatively high 

level (1.19–1.43), indicating that UV irradiation enhanced the aromaticity of DOMBMP. However, 

compared with the pristine WGP-DOMBMP, the SUVA254 values of the weathered WGP-DOMBMP 

sharply dropped by 46.5% at 4K min and 85.4% at 28K min, respectively. Meanwhile, UV 

irradiation significantly decreased the molecular size, humification, and hydrophobicity but 

increased ET capacity compared with the pristine BMPs. As mentioned in section 5.3.1, UV 

irradiation caused the Norrish I and II chain scission of C=O and the formation of OH and C=C 

bonds, which can transform a large molecule into a small one (Kijchavengkul et al., 2010; 
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Kijchavengkul et al., 2008), thereby decreasing the humification of DOMBMP. According to the 

FTIR results shown in Figure 5.6 and Figure 5.8, polar functional groups such as hydroxyl, 

carbonyl, and carboxyl are produced in photoreaction, which enhances the hydrophobicity and ET 

capacity of the weathered DOMBMP. The hydrolysis of PBAT may produce lactic acid, adipic acid, 

terephthalic acid, and 1,4-butanediol (Serrano-Ruíz et al., 2020), which also increases the contents 

of C=O bonds in BioAgri-DOMBMP. The aromaticity of DOMBMP derived from pristine WGP may 

be attributed to the release of brown dye into the water, while the production of Ar C=C bonds 

under UV irradiation contributed to the aromaticity of DOMBMP derived from the weathered 

BioAgri.  

 

5.3.3. Particles released from BMPs into the water environment 

The particles released from BMPs into the water under different UV irradiation durations were 

investigated. The volume concentration and size distribution of the microparticles (1–458.5 μm) 

were measured by LISST-200X. The total concentration and mean size of the microparticles 

released from the pristine BMPs of WGP and BioAgri were 9.9 ± 0.7 and 7.5 ± 0.7 μL/L, and 34.9 

± 4.4 and 61.0 ± 21.2 μm, respectively, shown in Figure 5.10 and Figure 5.11. With increasing UV 

irradiation duration, the total volume concentration and mean diameter of the microparticles 

released from BMPs mostly increased, which was following the SEM images of POMBMP (Figure 

5.12). These trends were mostly in agreement with previous studies that UV irradiation increased 

the concentration of microparticles released from polymers (Wang et al., 2021d; Wang et al., 
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2022c). Moreover, WGP released more microparticles than BioAgri in any UV irradiation duration. 

As the UV irradiation duration extended to 32K min, the total concentrations and mean size of the 

microparticles released from the weathered BMPs of WGP and BioAgri were 429.8 ± 83.2 and 

66.6 ± 5.8 μL/L and 50.2 ± 2.3 and 56.1 ± 0.8 μm, respectively. Unlike BioAgri, WGP 

microparticles manifested a similar increasing trend among D10, D50, D90, and mean size with 

the increased UV irradiation duration. Meanwhile, their corresponding error bars became more 

significant, suggesting a more unstable particle size distribution (Figure 5.11). This is because 

WGP microparticles usually showed an unimodal pattern, whereas BioAgri microparticles mostly 

had a bimodal pattern in particle size distribution (Figure 5.10 (a, b, e, f)). For example, as the UV 

irradiation duration extended to 12K min, WGP microparticles mostly ranged between 19.2–

61.2 µm, contributing 47.8% to the total concentration, respectively, whereas BioAgri 

microparticles were primarily distributed in two size ranges, namely, 13.79–51.86 µm and 195.02–

385.55 µm, accounting for 43.6% and 23.8% of the total concentration, respectively. 
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Figure 5.10. Size distributions of particles released from WGP (a-d) and BioAgri (e-h) with 

different UV irradiation durations (K: 1000).   
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Considering that most particles less than 1 µm can not be detected by the LISST-200X, the 

intensity and size distribution of the DOMBMP under different UV irradiation durations were further 

investigated using the Nano ZS90. The size distribution of DOMBMP in the range of 0.3–955.4 and 

0.3–5560 nm was shown in Figure 5.10 (c, d, g, h), respectively. DOMBMP generally showed an 

unimodal pattern in the size distribution of nanoparticles less than 1 μm. With the increase of UV 

irradiation duration, the median size (d50) of WGP-DOMBMP increased from 129 ± 3 nm (0K) to 

321 ± 53 nm (32K), whereas that of BioAgri-DOMBMP decreased from 155 ± 72 nm (0K) to 88 ± 

32 nm (32K). Previous studies have reported that with the decreasing pH, nanocellulose molecules 

will be less ionized, the surface negative charge will decrease, and ZP values will increase, causing 

an increase in the particle size of nanocellulose (Yang et al., 2022b; Yue et al., 2022). However, 

the decrease in DOMBMP size of weathered BioAgri may be due to the decrease in pH caused by 

the increase in organic acids released from BMPs (Pace et al., 2012). These organic acids can 

promote the formation of energy-driven intra- and inter-molecular hydrogen bonds, altering the 

micelle-like aggregates stabilized mainly by the weaker hydrophobic association at neutral pH 

(Romera-Castillo et al., 2014). Notably, a proportion of particles released from the weathered 

BMPs of WGP (24K and 28K) and BioAgri (4K and 8K) had a particle size larger than 0.45 μm 

which is the pore size of the membrane used for filtration in this study. As shown in Figure 5.11 

(d, f), WGP generally had much larger d90 values with corresponding error bars than BioAgri 

because microparticles (around 5 µm) were observed in the DOMBMP derived from the pristine and 

weathered WGP, shown in Figure 5.10 (d, h). Previous studies have found that the increase in 
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nanoparticle size may be due to the nanoparticle aggregation in aquatic environments because of 

the flocculation effects driven by the particle surface charge and van der Waals force, as well as 

the particle collision enhanced by Brownian motion and differential settling (Fettweis and Lee, 

2017; Wang et al., 2020c). In addition, WGP released a higher concentration of particles than 

BioAgri, which may increase the probability of particle agglomeration in water, leading to the 

generation of microparticles (around 5 µm) in the WGP-DOMBMP. Owing to the sieving standard 

being 0.45 μm, the molecular weight distribution may be more accurate to represent the DOMBMP 

fractions than the particle size. Therefore, the molecular weight distribution would be an optional 

measurement in our future research.
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Figure 5.11. Particle concentration (a), mean diameter (b), and typical size indexes for WGP (c–

d) and BioAgri (e–f) with different UV irradiation durations (K: 1000). A large error bar means a 

more unstable distribution of particle size.
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The fragmentation of BMPs under UV weathering can be revealed via the number and morphology 

of POMBMP particles released from WGP and BioAgri (Figure 5.12). The pristine BioAgri were 

smooth, intact, and thin films with pores, grooves, and attached particles on their surfaces. 

However, the WGP surface was neatly lined with long fibers with pits, threads, protrusions, and 

cracks (Figure 5.7). The pristine BioAgri released very few thin films, whereas the pristine WGP 

released more long fibers and downsized fragments. This suggests that the WGP was more easily 

damaged by water friction than the BioAgri. With the increase in UV irradiation duration, the 

weathered BMPs released more fragments and granules with abundant flakes and pores 

corresponding to a significant decrease in mechanical tensile strength. A proportion of weathered 

BMPs (32K) had a larger particle size than the pristine ones (0K), which was contrary to some 

previous results reporting that fibers and films had larger sizes than fragments and granules (Wang 

et al., 2021c). This may be attributed to the accumulation and aggregation of particles enhanced 

by the high concentration released from the weathered BM debris during water evaporation.  
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Figure 5.12. SEM images of POMBMP released from WGP (a-b) and BioAgri (c-d) with different 

UV irradiation durations (K: 1000). 

 

5.3.4. Spatial distributions of metal elements and functional groups on BMP surface 

After entering the soil-water environment, the characteristics of BMPs will be influenced by soil 

particles. As a vector, BMPs can transport soil pollutants, such as heavy metals. To explore the 

transfer of trace metals between soils and BMPs, SR-XRF mapping was performed to study the 

spatial distributions of trace metals on the surfaces of the pristine and weathered BMPs after soil-

water washing. As shown in Figure 5.13, the presence of Fe, Zn, and Mn on the BMP surface 
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proved the transport of heavy metals from soils to the BMP surface because organic matter (OM) 

had a high adsorption capacity for Fe-Mn concretions which were the predominant soil 

components (Gupta et al., 2021; Yin et al., 2021). The contents of trace metal elements (Fe and Zn) 

of the weathered BioAgri were higher compared with the pristine one (Figure 5.13 (a)). This was 

consistent with the previous study that the weathered PBAT absorbed more heavy metals because 

the increased roughness enlarged the specific surface area (Li et al., 2020b). Besides surface 

microstructure, oxygen-containing groups on the surface of MPs also significantly affected the 

adsorption of trace metals by MPs (Wang et al., 2022a). The adsorption of metals by MPs was 

primarily driven by physical sorption and electrostatic interaction (Zou et al., 2020). With the 

increasing UV irradiation durations, the CI index of BioAgri increased, which meant that the 

weathered BioAgri had higher contents of oxygen-containing groups on the surface, such 

as hydroxyl and carboxyl groups. It was reported that negatively charged ions (i.e., -COOH and -

OH) in the weathered starches and cellulose surfaces had a strong coordination affinity with 

positively charged metallic cations (i.e., divalent Fe) due to the electrostatic attractions, thereby 

readily forming complexes (Gupta et al., 2021; Yin et al., 2021). However, the weathered WGP 

with a rougher surface showed lower contents of trace metal elements (i.e., Fe, Zn, and Mn) than 

the pristine one (Figure 5.13 (b)). This might be because the weathered WGP was more easily 

damaged by water and soil friction than the pristine one, releasing more fragments and granules 

and reducing specific surface area and negatively charged cellulosic fibers as shown in Figure 5.12.
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Figure 5.13. Synchrotron-XRF spectra and distributions of trace metals (Fe, Zn, and Mn) on 

pristine (0K) and weathered (32K) BioAgri (a) and WGP (b) after soil washing. 
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To observe the interactions between heavy metals and functional groups on the BMP surface, FTIR 

imaging was also performed after different washing conditions, including ultra-water washing (W, 

Figure 5.9) and soil-water washing (S+W, Figure 5.14) compared to the control without washing 

(C, Figure 5.6). As shown in Figure 5.14, multiple functional groups were respectively distributed 

on the edges of the fibers of WGP and circular spots of BioAgri in a consistent pattern. Overall, 

the pristine WGP had higher contents of functional groups compared to the weathered one, which 

was opposite to that of BioAgri. According to Figure 5.6 and Figure 5.9, water washing could 

reduce the contents of C=O, Ar C=C, C-H, O-H (free radical), and C=C bonds on the pristine and 

weathered WGP surfaces, whereas soil-water washing increased the amounts of these functional 

groups on the pristine WGP surface. However, the contents of the above functional groups on the 

surface of the pristine BioAgri did not change obviously after both water washing and soil-water 

washing, except for the increased contents of C=O, C-O, and Ar C=C bonds. For the weathered 

BioAgri, water washing also reduced the contents of Ar C=C, C-H, O-H (free radical), O-H 

(polysaccharide), and C=C bonds but increased the amounts of C=O and C-O bonds. Meanwhile, 

soil-water washing also increased the contents of these functional groups, except for the C=C bond.
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Figure 5.14. FTIR mapping of functional groups on BMP surface after soil water washing.
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As mentioned in sections 5.3.1 and 5.3.2, functional groups, i.e., C=O and Ar C=C bonds, were 

probably from carboxylic acids (-COOH) and aromatic compounds (Ar C=C). As shown in Figure 

5.15, compared to C washing, water washing reduced the content of Ar C=C bonds but increased 

the amount of C=O bonds on the weathered BioAgri. Meanwhile, the contents of the above 

functional groups on the pristine BioAgri increased, whereas their contents on the pristine and 

weathered WGP surfaces both decreased. This meant that carboxylic acids and aromatic 

compounds were released into the water from BMP surfaces, whereas the hydrolysis of PBAT in 

BioAgri produced the C=O bonds and retained them on its surface. Compared to C washing, soil-

water washing increased the amounts of C=O and Ar C=C bonds on the BMP surface except for 

the weathered WGP surface. This might be because cellulosic fibers on the weathered WGP surface 

were largely washed by water and soil friction, causing a decrease in the specific surface area of 

binding sites for functional groups and heavy metals. This was consistent with previous studies 

that the adsorption capacity of MPs was largely affected by their weathering degree, particle size, 

porosity, and surface morphology (Feng et al., 2022a; Wang et al., 2022a). Compared to W washing, 

soil-water washing increased the amounts of C=O and Ar C=C bonds on the pristine WGP and 

weathered BioAgri, indicating BMPs probably adsorbed acids and aromatics from soils. This may 

be because the hydrophobic fraction of BMPs has an affinity to the aromatic structure of SOM 

because of hydrophobic partitioning (Yin et al., 2021). The increased acidic functional groups were 

stronger metal-binding and higher electronegative than SOM, which improved the adsorption 

capacity of BMPs to metals in soils. Therefore, the roughness of microstructures and the contents 

of oxygen-containing functional groups significantly affected the capacity of BMPs to adsorb 

aromatic compounds and heavy metals from soils.  
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Figure 5.15. FTIR imaging of functional groups (C=O: 1660-1820 cm-1 and Ar C=C: 1500-1590 

cm-1) on BMP surface after different washing conditions (C: control without washing; W: water 

washing; S+W: soil-water washing). 
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5.3.5. Environmental implications 

Agricultural health and safety are facing some new challenges (Eryiğit and Engel, 2022; Yang et 

al., 2022a). BMPs can influence soil microbiological and physicochemical properties and the 

effects are controlled by polymer type, size, dose, and shape (Wang et al., 2022a). BMPs can be 

the carbon addition to the agricultural soils, which will change soil DOM composition, such as 

aromatic functional groups (Feng et al., 2020). This may result in excessive carbon input into the 

soil and carbon emission into the air (Cai et al., 2021a; Cai et al., 2021b; Liu et al., 2022a). After 

exposure to the soil, the fragmentation from BMs to BMaPs then BMPs caused by abiotic and 

biotic processes will elevate the mobility of BMPs and BNPs in the soil, aquatic environment, and 

atmosphere (Cai et al., 2017; 2019b; Wang et al., 2021c). MPs and NPs may lead to various 

chemical and/or physical toxic effects on plants, such as mechanical blockage of pores in the seed 

capsule and a decrease in chlorophyll content (Wang et al., 2022a). Soil microorganisms, such as 

earthworms, snails, collembolan, springtails, and nematodes, may suffer tissue damage and 

inflammatory responses after ingesting MPs (Leonov and Tiunov, 2020). Several studies have 

documented that BMPs, such as  Mater-Bi and starch-cellulose, pose fewer hazards to soil animals 

(e.g., woodlice, earthworms, and burrowing worms) than non-BMPs (Sforzini et al., 2016; Wood 

and Zimmer, 2014; Zhang et al., 2018). However, BMPs have a stronger affinity to soil pollutants, 

such as organic pollutants and heavy metals; thus, BMPs may have a greater negative impact than 

non-BMPs in certain conditions (Qin et al., 2021). For example, a study found that the number of 

MPs increased with the continuous addition of bio-debris. Moreover, BMPs account for the 

majority of the increment, reaching up to 35−73%. In light of the foregoing, it has been inferred 

that BMPs pose a greater negative effect on soil structure (Zhao et al., 2021). The degradation 

process of BMs and the ecotoxicity of the degradation products, especially BMPs and plastic 
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additives, have attracted the attention of researchers in the soil environment (Liu et al., 2022a). 

With the increasing UV irradiation durations, the weathered BMPs (i.e., BioAgri) had higher 

contents of negatively charged ions (i.e., -COOH and -OH) and a strong coordination affinity with 

positively charged metallic cations (i.e., divalent heavy metals). If the weathered BMPs were tilled 

into soils, they could transport more soil pollutants as a vector compared to the pristine BMPs. 

Although there are scarce studies on the ecotoxicity of BMPs on terrestrial organisms, we can 

speculate their hazards to crops, animals, and humans considering the transfer of BMPs via the 

terrestrial food web in the agroecosystem. Therefore, it is necessary to determine the 

environmental risk and disposal strategy after the use of mulching in future studies. 

 

5.4. Summary 

BMs are widely used in agroecosystems. They can be tilled into the soil as a source of carbon 

addition, which can help mitigate BM disposal and reduce environmental problems. However, the 

contents of MPs in the soil would increase with the addition of bio-debris. The combination of 

BMPs and soil pollutants may also harm soil health. This study investigated the characteristics of 

weathered BaMPs and the DOMBMP released into soil-water environments. With the increase of 

UV irradiation time, the mechanical strength of BaMPs decreased and its chemical composition 

changed, thus introducing oxygenated functional groups on its surface. The photooxidation-

dominated production and photodegradation-dominated cleavage of ester bonds on the BaMPs 

surface during UV irradiation were identified through FTIR analysis. After entering the water 

environment, the pH of the solution with DOMBMP decreased, whereas the concentration of DOC 

increased. Polar functional groups, such as hydroxyl, carbonyl, and carboxyl, were produced in 

photoreaction processes, which enhanced the hydrophobicity and ET capacity of weathered 
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DOMBMP. Compared with paper mulch (i.e., WGP), bioplastic mulch (i.e., BioAgri) contributed a 

larger amount of DOMBMP, such as aromatic structure-containing chemicals and carboxylic acids, 

to the water environment but released fewer and smaller particles. After entering the soil-water 

environment, the analyses of FTIR and SR-XRF results revealed that the rough microstructure and 

oxygenated functional groups on the surfaces of BMPs, such as C-O and C=O bonds, played a 

crucial role in the adsorption of aromatic compounds and heavy metals from soils. The results 

obtained in this study can help manage environmental risks and determine disposal strategies after 

the use of mulching. 
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CHAPTER 6. CONCLUSIONS AND PERSPECTIVES 

6.1. Overall conclusions  

This dissertation assessed the emerging environmental concerns from bio-originated organic 

pollutants in cropping systems, including conducting the appropriate assessment of BVOC 

emissions and exploring the degradation and fragmentation of BMs. Generally, BVOC emissions 

are affected by temperature, drought, solar radiation, humidity, availability of nutrients, CO2, O3, 

etc. Growth length, air temperature, solar radiation and leafage were the most important variables 

influencing the temporal and spatial variations of MeOH emissions of spring wheat during the 

growing period in a Canadian province. Soils can act as both the sink and source of BVOCs 

through various soil processes that are affected by soil temperature, pH, SOM, and soil moisture. 

The seasonality of MeOH emissions was found to be positively correlated to concentrations of CO, 

FPM, and PM10 but negatively related to NO2 and O3. Anthropogenic activities can affect BVOC 

emissions and promote the formation of BVOC-derived pollutants (e.g., O3, SOA, and PM).  

Furthermore, the characterization and quantification of the BMPs in cropping systems were 

conducted to investigate the physicochemical changes of weathered BMPs, the particle 

distributions of micro- and nano-plastics, and the chemical characteristics of BMP leachate 

released into the soil-water environment. Compared with paper mulch, bioplastic mulch 

contributed a higher amount of aromatic structure-containing chemicals and carboxylic acids to 

the water environment but released fewer and smaller plastic particles. After entering the soil-

water environment, the analyses of FTIR and SR-XRF results revealed that the rough 

microstructure and oxygenated functional groups on the surfaces of BMPs, such as C-O and C=O 

bonds, played a crucial role in the adsorption of aromatic compounds and heavy metals from soils.  
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6.2. Contribution and significance of thesis research  

The main contribution of the research work presented in this dissertation is the assessment of 

emerging environmental concerns related to bio-originated organic pollutants in cropping systems. 

This includes conducting an appropriate assessment of BVOC emissions and exploring the 

degradation and fragmentation of BMs.  

 

The scientometric analysis offers several advantages compared to critical reviews, as it helps 

minimize subjectivity and bias by providing a holistic and quantitative analysis of previous BVOC 

studies. It also plays a crucial role in identifying research gaps and future directions in this area. 

The findings obtained from scientometric analysis can provide researchers with a deeper 

understanding of BVOC emission mechanisms, while also offering decision-makers valuable 

insights for emission mitigation and environmental management.  

 

A new BVOC assessment approach was developed to assess the biogenic MeOH emitted from 

crops during growing seasons. This approach enables the identification of relationships between 

MeOH emissions and major influencing factors. The results obtained from this assessment can be 

utilized to enhance the adaptation and mitigation strategies for agricultural systems. By 

understanding the factors influencing BVOC emissions, agricultural practices can be optimized to 

minimize their impact on the environment and promote sustainable farming. For example, using 

the ratio of BVOC emissions to biomass production or energy transformation can be a useful tool 

for cropping designers and decision-makers when weighing the trade-offs between the costs and 

benefits of ecosystem services. 
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The characterization and quantification of BMPs in cropping systems involved studying the 

fragmentation and degradation of BMPs under UV irradiation through visual inspection and 

quantitative analysis. The obtained results are valuable for managing environmental risks 

associated with BMPs and determining appropriate disposal strategies following their use in 

mulching. By understanding the behavior of BMPs under UV irradiation and their potential impact 

on the environment, effective measures can be implemented to mitigate any adverse effects and 

ensure sustainable agricultural practices. For instance, BM manufacturers are advised to explore 

protective coatings or treatments to mitigate UV-induced degradation and to select materials that 

combine UV stability with biodegradability. Crop farmers are recommended to choose mulch 

materials that have been tested for UV resistance while still ensuring their effectiveness. To 

facilitate this selection process, government regulators are suggested to collaborate with industry 

experts to establish standardized testing methods, develop a labeling system,  and implement a 

rating system, which informs consumers about the expected lifespan and environmental benefits 

of different BM products. 

 

Overall, the dissertation could help better understand the mechanisms of biogenic MeOH emission 

from crops or plants as well as the weathering, degradation, and fragmentation of BMs and their 

environmental behaviors and health risks, thus providing the theoretical basis for better handling 

these new environmental challenges for regulators and industries. The findings and sharing of the 

publications relevant to the thesis research listed in the Section Publications include peer-reviewed 

journal articles and conference publications, which provide scientific support for further research 

and development regarding the impact of BVOC emissions and BMP generation on environmental 

management.  
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6.3. Recommendations and perspectives 

Based on the studies conducted in this dissertation, several recommendations are proposed for 

future research in this field:  

• Further investigation of the specific mechanisms and factors influencing BVOC emissions is 

recommended to enhance our understanding of this field. Specifically, conducting more 

detailed studies on the effects of nutrient availability and CO2/O3 concentrations is crucial. It 

is important to note that the present study does not incorporate the effects of O3. Previous 

studies have found that short-term exposure to O3 rapidly reduced the SQTs (Li and Blande, 

2015), the effect of O3 on BVOC emissions varies over seasons (Yu and Blande, 2021), and 

the long-term exposure of O3 to vegetation degraded yearly GPP (by about 22%) and LAI (by 

15–20%) (Anav et al., 2011). Therefore, the effects of O3 on MeOH emissions remain unclear 

and should be an important consideration in future studies. Addressing this knowledge gap 

will provide valuable insights into the complex interactions between BVOCs and the 

environment. 

• Although the standard emission factor (ε) is not identified as a significant factor because of 

its smaller range compared to other factors, the use of a constant ε for common wheat (winter 

wheat) at the ripening stage to represent spring wheat throughout the whole growing period 

(which was done due to the lack of experimental data) may increase uncertainty concerning 

the base MeOH emissions calculated. To reduce this uncertainty and improve the accuracy of 

MeOH emission estimates, future research should focus on including missing environmental 

and physicochemical factors in the development of empirical algorithms. This can be achieved 

through conducting more extensive field and laboratory measurements of MeOH emissions, 
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specifically targeting different wheat subspecies, climate zones, and wheat phenologies. By 

incorporating these additional factors and data, more accurate and representative emission 

factors can be derived, leading to a better understanding of MeOH emissions from specific 

crops and growing conditions. 

• RS data can provide valuable information such as cropland area, LAI, foliar densities, 

meteorological data, etc. Compared to ground station data, by incorporating these 

interpretative data from RS images, it becomes possible to estimate gridded MeOH emissions 

with a finer spatial-temporal resolution and quantify the impact of continuous changes in 

MeOH emissions on air pollution at the surface level. Future studies can explore integrating 

RS and GIS techniques to improve the estimation and monitoring of MeOH emissions, 

facilitate a better understanding of their distribution and potential impact on the environment, 

and contribute to more effective air pollution management strategies. 

• In addition to leaf MeOH emissions, it is important to consider other significant contributors 

to MeOH emissions, namely soil and litter. Previous studies have shown that MeOH emissions 

from decomposing litterfalls can account for a substantial portion (28-99%) of total VOC 

emissions (Gray and Fierer, 2012). MeOH fluxes from bare and plowed soil can range from 0 

to 200 µg·m−2·h−1 (Schade and Custer, 2004). The variability in MeOH emissions from these 

sources can be influenced by factors such as N additions, warming, wildfire, and drainage 

conditions in soils (Huang et al., 2020b; Kramshøj et al., 2019; Zhang-Turpeinen et al., 2020b). 

It is important to note that in the present study, only leaf MeOH emissions were calculated. 

Therefore, future research should consider several additional sources of MeOH emissions. 

These sources include above-ground fruits and flowers, shedding of leaves and stem on the 

surface, underground living roots, microbial decomposition of litter and SOM, dissolved 
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MeOH in soil water, and MeOH exchange in soil-plant-atmosphere ecosystems (Cai et al., 

2020; Chen et al., 2020; Feng et al., 2020). By including these additional sources, a more 

comprehensive understanding of MeOH emissions and their environmental impact can be 

achieved. 

• While the information obtained through FTIR mapping and UV-vis spectroscopy is valuable, 

combining these techniques with others such as chromatography or microscopy can provide 

complementary data and enhance the understanding of the samples. For example, 

chromatography can provide detailed information on the chemical components present, while 

microscopy can offer insights into the physical characteristics and morphology of the sample. 

By employing a multi-technique approach, a piece of more comprehensive information and a 

robust analysis of the chemical composition, structure, and properties of the samples can be 

achieved.  

• The presence of SOM can have a significant impact on the functional groups present on the 

BMP surface. To gain a clearer understanding of surface interactions between soil particles 

and BMPs, it is important to examine the effect of residual SOM. Therefore, it is 

recommended to gather more detailed information about the soil particles, including the SOM 

content and composition. This additional information will provide insights into the influence 

of SOM on the surface properties of BMPs and help elucidate the nature of the interactions 

between soil particles and BMPs.  

• Further research is recommended to investigate the fate and transport of BMPs in the 

environment and prioritize the assessment of ecological and health risks associated with BMPs. 

It is important to understand the degradation pathways of BMPs in different environments, 

such as soil, water, and air, and assess their potential ecological implications in BMPs on soil 
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and water quality, as well as their potential to accumulate in the food chain. By examining the 

fate and transport of BMPs, we can gain insights into their persistence, mobility, and potential 

hazards and adverse effects posed by BMPs to ecosystems and human health. This information 

will aid in developing appropriate risk assessment frameworks and effective mitigation 

strategies to minimize the environmental and health risks associated with BMPs in cropping 

systems. 

Following these recommendations in future research can help us better understand BVOC 

emissions and BMPs in cropping systems. This will lead to more effective environmental 

management and sustainable agricultural practices. 
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